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Abstract
In normal cells, glycan binding proteins mediate various cellular processes upon recognition

and binding to respective ligands. In tumor cells, these proteins have been associated with

metastasis. Lactosyl-sepharose binding proteins (LSBPs) were isolated and identified in a

workflow involving lactosyl affinity chromatography and label-free quantification mass

spectrometry (LFQ MS). A binding study with monosaccharides was performed by micro-

scale thermophoresis and nuclear magnetic resonance spectroscopy. Influence of galac-

tose on LSBPs’ binding to the lactosyl resin was investigated by competitive affinity chro-

matography followed by LFQ MS. An analysis of amino acids with sugar binding motifs was

searched using bioinformatics tools. The expression profiles of these proteins at the mRNA

level, as determined by a chip array from a pancreatic ductal adenocarcinoma (PDAC) liver

metastasis model, were used for evaluating their potential role in cancer progression.

Proteomics data and their respective genes were analyzed by MaxQuant and Ingenuity

Pathway Analysis. In total, 1295 LSBPs were isolated and identified from Suit2-007

human pancreatic adenocarcinoma cells. Interaction studies revealed that these proteins

exhibit low to moderate affinity for monosaccharide sugars. Some of these LSBPs even

showed reduced affinity after calcium depletion. Among the isolated proteins were annexins

and galectins in addition to other families, with no history of binding lactosyl residues.

A subset of LSBPs exhibited differential profiles in the pancreas, liver, and lung environ-

ments. These modulations may be related to tumor progression. In conclusion, we show that PDAC cells contain LSBPs, a subset

of which binds galactose with calcium dependency. The differential expression of these proteins in a rat model highlights their

value for diagnosis and as potential drug targets for PDAC therapy. Future work will be required to validate these findings in patient

samples.

Keywords: Affinity chromatography, cancer progression, glycan binding proteins, pancreatic ductal adenocarcinoma, protein

expression

Experimental Biology and Medicine 2020; 245: 631–643. DOI: 10.1177/1535370220910691

Introduction

In normal mammalian cells, glycans have an important role
within the post translational modification of proteins.
Protein glycosylation is governed by glycosidases and

transferases that regulate the formation of complex struc-
tures.1,2 These structures are endowed with new functions
as opposed to linear macromolecules such as proteins and
lipids.3 Their complexity corresponds to a code that has the
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ability to transmit information with geometrically progress-
ing efficiency.4 When covalently linked to proteins, glycans
mediate various functions such as cellular trafficking and
localization, binding specificity, cell signaling, and thermo-
dynamic stability.5 Glycan binding proteins represent a
diverse group of proteins that bind simple or even complex
sugar structures. They include lectins and sulfated glycos-
aminoglycan binding proteins.6 In tumor cells, the interac-
tion of glycans with their respective receptors (glycan
binding proteins) has been associated with malignant
transformation and metastasis.7 Lectins are specific carbo-
hydrate binding proteins, excluding antibodies, or
enzymes, which use carbohydrates as substrates, and trans-
porters of free saccharides.8 In lectins, sugars bind a con-
served carbohydrate recognition domain (CRD) consisting
of about �130 amino acids. Binding to this module occurs
either in the absence of calcium as manifested in galectins
or in the presence of calcium as in C-type lectins.9,10

Galectins are widely distributed in living organisms and
are known to bind glycans with exposed galactose resi-
dues.11 They mediate binding of proteins to various cell
matrix proteins such as laminins, collagens, and fibronec-
tins.12 In tumor cells, galectins feature prominently in cel-
lular processes associated with metastasis such as cell
invasion, migration, angiogenesis, immune evasion,
inflammation, and malignant transformation.13,14 Selectins
are C-type lectins, which play a role in cell adhesion, leu-
kocyte homing, and cancer metastasis. The well-known
ones include L-, E-, and P-selectin, which show 50%
sequence identity in their C-type lectin domains.15

Interactions with selectins are mediated by their CRDs,
which recognize the sialyl Lewisx and Lewisa epitopes on
N- or O-linked oligosaccharides.16,17 Annexins have recent-
ly joined the list of proteins with lectin activity, in addition
to being known to bind phospholipids in the presence of
calcium.18 They are significantly expressed in tumor cells
and have been shown to interact with various proteins
involved in tumor development.19,20 Some members of
the annexin family, such as annexin-4, -5, and -6, have
been shown to bind glycosaminoglycans and sialoglyco-
proteins.21 Although glycan binding proteins have been
associated with malignant transformation, little is known
about their expression profile in tumor cells given that their
separation by traditional enrichment methods is
challenging.5

Affinity chromatography is a versatile technique com-
monly used in the purification of lectins.22 It involves the
coupling of sepharose beads to sugar moieties that bind the
protein of interest. This method was successfully applied
for the purification of riproximin (Rpx) using a hydrolyzed
sepharose resin.23 Rpx is a toxic type II ribosome inactivat-
ing plant lectin with affinity for glycan structures and was
also shown to inhibit the growth of pancreatic adenocarci-
noma cells in vitro.24 Its purification was subsequently
improved by using a lactosyl resin instead of the hydro-
lyzed sepharose resin.25 In a carbohydrate microarray,
Rpx was shown to preferentially bind to the N- and
O-linked oligosaccharides bearing galactose and N-acetyl-
galactosamine moieties.25 When rats bearing liver tumors
were treated with Rpx, significant tumor regression was

observed compared to the control groups.24,26 This obser-
vation was presumably related to the effect of Rpx on
O-linked (e.g. antigen of mucins) and N-linked glycans
(e.g. carcinoembryonic antigens (CEA)) in tumor cells.
These proteins have been associated with metastatic pan-
creatic ductal adenocarcinoma (PDAC), a lethal malignan-
cy with poor prognosis and a survival rate of <5%.
Currently, PDAC has no effective therapy, and it is pre-
dicted to be the second leading cause of cancer-relatedmor-
tality by 2030.27

In the present work, we isolated and identified proteins
with lactosyl binding properties from human Suit2-007
PDAC cells in an established work flow. This method
involved protein separation by affinity chromatography
using a lactosyl resin that had been used for the purification
of Rpx. With the goal of evaluating the role of the isolated
proteins in PDAC progression, all proteins identified by
this method were related to chip array data, which had
been obtained from a PDAC liver metastasis model.28 In
this model, human Suit2-007 PDAC cells were orthotopi-
cally and intraportally implanted into rats for tumor
growth in the primary (pancreas) as well as in the metastat-
ic environments (liver and lung), respectively. A compari-
son of gene expression levels between the primary and
metastatic sites was used to qualify a subgroup of the sep-
arated proteins in terms of their potential involvement in
PDAC progression.

Materials and methods

Cell culture and tumor implantation

Human pancreatic Suit2-007 cells were cultured under
standard conditions (37�C, 100% humidity, 5% CO2 in air)
in complete RPMI medium containing 10% fetal calf serum
and 1% glutamine (Gibco, Fischer Scientific, Germany). The
cells were harvested upon attaining 80% confluence.
Animal (Charles River Company, Sulzfeld, Germany)
experiments were performed as described elsewhere28

and in line with the ethical approval made by the animals’
ethics committee (Regierungspr€asidium) in Karlsruhe,
Germany. Tumor cells were implanted orthotopically and
intraportally for their growth in the pancreas as well as in
the liver and lungs, respectively. Animals were imaged
once weekly for a period of four weeks. After this period,
the tumor-bearing animals were sacrificed and tumor nod-
ules re-isolated from the three organs (liver, pancreas, and
lungs). The samples were used for total RNA isolation.

Purification of total RNA from tissues for chip array

The extraction of RNA as well as chip array was performed,
as described elsewhere.28 Total RNA was extracted from
cells re-isolated from the pancreas, liver, and lungs using
the Qiagen RNA isolation kit (QIAGEN GmbH,
Deutschland). For chip array, hybridization of biotin-
labeled cRNA samples on Illumina Human Sentrix-12
BeadChip arrays (Illumina, Inc.) was prepared according
to the modified Eberwine protocol.
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Preparation of samples for separation by affinity
chromatography

Cell lysates were prepared from human Suit2-007 PDAC
cells using lysis buffer (850 mL RIPA buffer: 50mM TRIS,
150 mM NaCl, 1.0% NP-40, 25� protease inhibitor 40 mL),
10� Phosphostop tablet (100 mL), and 100mM of NaVO3

(10mL) (all from Roche diagnostics, Germany). Cells were
disrupted by mixing with a pipette, which was repeated
after every 10min while on ice. The lysate was centrifuged
(16,400 r/min, 30min) to obtain a clear supernatant. Re-
isolated tumor nodules from in vivo samples weighing
�100mg were homogenized in liquid nitrogen using a
microdismembrator (Sartorius, GmbH, Germany). The
resulting powder from the tumor was processed similarly
to the cell lysate. The protein concentrations in lysate, and
tumor homogenates were determined by Roti Nanoquant
solution (Carl Roth GmbH & Co. KG, Germany).

Protein separation by affinity chromatography

For protein separation, a Tricon column (10mm diameter,
120mm length) was packed with lactosyl-sepharose gel
(GE Life Sciences, Germany). The column binding capacity
was determined using galectin-3 (kindly provided by
Prof. Jürgen Kopitz, Heidelberg). Galectin-3 (1mg/mL)
was mixed with lactosyl-sepharose gel (1mg/mL) in a
falcon tube and left overnight on a rotary shaker (4�C).
The tube was centrifuged (5000 r/min, 20min) and the
supernatant recovered. The bound galectin-3 was deter-
mined from the initial protein concentration and the
concentration of the recovered supernatant. Clear lysate
(1mg/mL) was loaded onto the column with (20mM)
TRIS-HCL and Arg-HCL buffer at low velocity flow
(0.5mL/min). The flow rate was then increased to
1mL/min, as the non-column binding proteins fraction
started to elute from the column. When the UV signal
returned to the baseline level, the column binding protein
fraction was eluted with elution buffer: TRIS-HCL (20mM),
Arg-HCL (20mM), CaCl2 (100mM), and galactose (100mM).
Arg-HCL was included in the buffer to minimize protein–
protein interactions and non-specific binding. When the elu-
tion was complete, the column was regenerated by washing
with 1MCaCl2 followed by equilibrationwith loading buffer.

Gel staining with Coomassie blue

Coomassie stain (Serva Electrophoresis GmbH, Germany)
was prepared from the following stock solutions. Solution
A contained 10% (w/v) ammonium sulfate, 2% (w/v)
phosphoric acid in double disitilled (dd) water (Merck
KGaA, Darmstadt, Germany). Solution B contained 5%
(w/v) Coomassie Brilliant Blue G-250 in double distilled
water (dd H2O). Awashing solution containing 25% meth-
anol in dd H2O was prepared with 20 mg of proteins sepa-
rated by affinity chromatography and were loaded into the
wells of precast PAGE gels (4–20%) (Serva Electrophoresis
GmbH, Heidelberg, Germany) and separated by gel elec-
trophoresis. The staining solution was prepared by mixing
100mL of stock solution Awith 2.5mL stock solution B. The
resulting solution was vortexed for 20min after which

methanol (25mL) was added and the solution again vor-
texed for 20–30min. The gel was immersed in the freshly
prepared colloidal Coomassie stain and left overnight with
gentle shaking. The following day, the gel was destained by
washing with 25% methanol in dd H2O. The gel was again
washed twice with dd H2O till the protein bands attained
the desired contrast.

Protein labeling with Alexa fluor

For thermophoresis, lactosyl-sepharose binding proteins
(LSBPs) were labeled with the fluorescent dye Alexa fluor
647 (Invitrogen, Germany). Proteins (2mg/mL) were
mixed with 36 mL of 0.1M sodium bicarbonate buffer (pH
8.3). While stirring, 50 lL of the reactive dye (Alexa fluor)
was added drop-wise to the protein fraction. The mixture
was then incubated for 1 h at room temperature while shak-
ing at 350 r/min. A PD 10 – Sephadex G-25 (GE, Life
Sciences, München, Germany) gel filtration column was
equilibrated with 10mL of phosphate buffer (1�, pH 8.0)
at room temperature. The protein sample was applied onto
the gel surface and allowed to percolate through the
column. The intensely blue colored fraction, which con-
tained the labeled proteins, was collected and excess
buffer removed by centrifugation (5000g, 30min) using
10 kDa Amicon protein filters (Merck KGaA, Darmstadt,
Germany). The labeled protein fraction was sterile filtered,
its concentration determined, and then stored at �20�C till
further use.

Evaluation of galactose binding to LSBPs

Microscale thermophoresis

An aliquot (7 mL) of 1mM galactose was serially diluted to
lower concentrations in Eppendorf tubes. One mg/mL of
labeled LSBPs was added to each Eppendorf tube contain-
ing galactose and briefly vortexed. The samples were trans-
ferred into capillary tubes and carefully placed in
the Monolith instrument. Measurement was done using
the in-built software by a computer connected to the
Monolith NT.115. After 1 h, the data were retrieved for anal-
ysis. To evaluate the role of calcium in galactose binding to
LSBPs, the experiment was repeated as described above
and 1 mM of ethylene glycol-bis (b-aminoethyl ether)-N,
N, N0, N0-tetraacetic acid (EGTA) was added to the reaction
mixture. Measurement was done as before.

Nuclear magnetic resonance spectroscopy

Binding was evaluated by line broadening or pertinent
chemical shift changes observed in the proton (1H) spec-
trum as well as by the transfer of bulk water magnetization
to the ligand, using waterLOGSY pulse sequence. Before
analysis, stock solutions of five sugars (1mM each) and
the LSBPs (1mg/mL) were prepared and stored on ice
until use. These sugars included galactose (Gal), glucose
(Glc), fucose (Fuc), mannose (Man), and rhamnose (Rha).
A concentration of 100mg/mL protein and 1mM sugar was
used. The proton 1H NMR spectra were acquired at 298K
with a Bruker Avance II NMR spectrometer. The
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instrument was equipped with a 5-mm inverse-
configuration probe with triple-axis-gradient capability at
field strength of 14.1 Toperating at 600.1MHz for 1H nuclei.
The 1H NMR spectra were acquired using the 1D NOESY
pulse sequence. A pre-saturation of the water signal was
applied using standard spectral parameters as for normal
1H NMR spectra. This included an Aq of 2.50 s, 5 s for the
PAD, a mixing time (sm) of 50ms and a read-out pulse of
90�. Processing consisted of zero-filling (� 4) and the appli-
cation of 0.3Hz of line broadening. WaterLOGSY spectra
were also acquired using the pulse sequence as described
by Dalvit with an Aq of 1.95 s, 4 s for the PAD, and a mixing
time (sm) of 1 s.29 Whereas the suppression of the water
signal was effected by excitation sculpting using a
2 mssinc-shaped pulse, the selective excitation of the
water signal was effected by a 5ms Gaussian-shaped
pulse.30 WaterLOGSY spectra were processed with zero-
filling (�4) and the application of 2Hz of line broadening.

Identification and characterization of LSBPs

Protein fractions were concentrated using Unicorn Ultra
protein concentrating tubes (0.5mL capacity). The process
of protein concentration involved thorough washing with
the loading buffer to get rid of bound galactose resulting
from the elution buffer. Four equal samples of protein frac-
tions (200 mg/mL) were prepared in triplicates from the
galactose-free protein stock solution. Galactose was
added to the first (50mM final concentration) and second
(150mM final concentration) set of samples, respectively. In
the third set, galactose (150mM final concentrations) and
EGTA (0.5mM final concentrations) were added. The
fourth set, which served as control, did not contain galac-
tose or EGTA. These samples were incubated for 15min at
37�C followed by separation with affinity chromatography.
For each set, the loading buffer contained the correspond-
ing concentration of galactose. For protein fractions mixed
with 50mM of galactose, a buffer containing TRIS-HCL
(20mM), Arg-HCl (20mM), and galactose (50mM) was
used. For protein fractions containing 150mM galactose
without and with EGTA, an equal concentration of galac-
tose was included in the loading buffer. The samples were
then applied to the column, and protein fractions, which
did not bind to the column due to the presence of galactose,
were collected. Proteins were precipitated from the buffer
solutions by adding 400 mL of methanol to 100mL protein
solutions followed by vortexing and centrifugation (9000g
for 10 s). Then, 100mL of chloroform was added followed
again by vortexing and centrifugation (9000g for 10 s). To
separate the phases, 300 mL of water was added to the sam-
ples, which were vortexed vigorously followed by centri-
fugation (9000g, 1min). The upper phase was removed and
discarded. An aliquot of 300 mL of methanol was added to
the lower chloroform phase and the interphase material
containing the precipitated proteins. The mixture was vor-
texed and centrifuged again (9000 g, 2min) to obtain a pro-
tein pellet. The supernatant was removed, and the dry
pellets were dissolved in water and their protein concen-
trations determined by Roti Nanoquant solution as
described previously.

Quantitative protein analysis by mass spectrometry

Proteins solutions with concentrations ranging from 0.29 to
0.152 mg/mL were loaded onto an SDS-gel and allowed to
run only a short distance of 0.5 cm. After Coomassie blue
staining, the total sample was cut out from the gel and
digested by trypsin. Samples were processed based on a
slightly modified protocol31 carried out on the
DigestProMSirobotic system (INTAVIS Bioanalytical
Instruments AG). Digested samples were loaded onto a
cartridge trap column packed with Acclaim PepMap300
(C18, 5 mm, 300 Å wide pore, Thermo Scientific) and sepa-
rated using a 120min gradient from 3% to 40% ACN on a
nanoEase MZ Peptide analytical column (300 Å, 1.7 mm,
75mm� 200mm, Waters). Eluted peptides were analyzed
by an online coupled Q-Exactive-HF-X mass spectrometer
running in a data-dependent acquisition mode where one
full scan was followed by up to 30 MS/MS scans.

Search for amino acids motifs responsible for
sugar binding

To identify amino acid motifs responsible for sugar binding
proteins, known and novel motifs were searched in column
binding proteins and controls. The known CRD sequence
was searched in LSBP protein sequences against the respec-
tive PFAM-A hmm-model (PFAM (RRID:SCR_004726)),32

using the HMMER 3.0 software (http://hmmer.org/,
default parameters). Next, new sequence patterns were
designed using ricin and Rpx as a reference. The program
find-patterns (Wisconsin Package) used the pattern file
indicated below to search for the occurrence of patterns
in the LSBPs.

Gal-1 1 (D,N,E)(X)[2,19][(Q,I,L)(X)[1,3](W,Y,F)(X) [1,19]
(N,Q)(N,Q) 0!

RiproxA1
D(X)[10,13]I(X)[1,2]W(X)[7,9]NQ 0!
RiproxY1
D(X)[10,13]L(X)[1,2]W(X)[7,9]NQ 0!
RicinY1
D(X)[10,13]I(X)[1,2]W(X)[7,9]NQ 0!
The amino acids included in the sequence search pattern

were as follows: asparagine, aspartate, glutamine, leucine,
isoleucine, tyrosine, and tryptophan. In addition, a de novo
motif search was performed for the column binding pro-
teins with the programMEME (v2.2) (MEME Suite – Motif-
based sequence analysis tools, RRID: SCR_001783). This
program, developed by Bailey and Elkan, is able to find
conserved motifs in a group of unaligned sequences.33

Statistical analysis

Proteomics data were analyzed using MaxQuant software
(version 1.6.0.16) and Uniprot (RRID: SCR_004426)
extracted databases.34 Identification of false discovery rate
cut-offs were 0.01 for both peptide and protein levels.
Proteins were quantified using a label-free quantification
approach based on the MaxLFQ algorithm.35 A minimum
of two quantified peptides per protein was required for
quantification. The data were further processed using in-
house compiled R-scripts and the Perseus software
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package.36 The mRNA levels of LSBPs were evaluated by
the Ingenuity Pathway Analysis (IPA; RRID:SCR_008653)
program with p< 0.001. A Z-score of �3 was used as a
cut-off for selecting three functional annotations of interest.
Venn diagrams for further evaluation were used (online at
http://bioinformatics.psb.ugent.be/webtools/Venn/).

Results

Separation of proteins by affinity chromatography

Proteins derived from Suit2-007 human PDAC cells grow-
ing in vitro were separated by affinity chromatography
using a lactosyl resin. The resin matrix was composed
of sepharose, a linear polysaccharide of alternating
D-galactose and 3,6-anhydro-a-L-galactopyranose, which
was chemically linked to the lactosyl ligand. The beads
had an open pore size (90 mm) suitable for separating pro-
teins in the range of up to 150 kDa. This resin had been used
previously for the purification of Rpx from Ximenia ameri-
cana. In this study, proteins were separated by affinity chro-
matography from lysates and tumor nodules of Suit2-007
cells. The former had been obtained from cells grown in
vitro, the latter from the tumor nodules growing at three
sites following implantation into nude rats.28 Proteins,
which bound to the resin, are hereafter referred to as
LSBPs. Their respective chromatograms exhibited similar
retention times for peaks from in vitro cell lysates and in
vivo homogenates (see Figure 1(a) and (b)). Figure 1(c) rep-
resents proteins derived from cell lysate (lane A) and tumor
homogenate (lane D) as well as the respective flow through

fractions (lanes B and E) and the column binding fractions
(lanes C and F) that were separated by electrophoresis. The
protein sizes varied between the flow through and LSBPs,
respectively. The chromatogram in Figure 1(d) represents a
run using the LSBP fraction with the mobile phase contain-
ing a low concentration of galactose (50mM) as described
below.

Affinity of monosaccharides to LSBPs

Microscale thermophoresis. Microscale thermophoresis
(MST) was performed to evaluate the interaction of mono-
meric sugars (galactose, glucose, and fucose) with LSBPs.
Binding was evaluated by serially diluting the sugars’ con-
centration from 1mM down to 4 mM and adding 1 mg/mL
of LSBPs to each concentration. Galactose, glucose, and
fucose exhibited low affinities for the labeled proteins
(see Figure 2(a) for galactose binding). To test the influence
of calcium on galactose binding, EGTA (1mM)was added to
the solution containing galactose and the protein fractions.
As indicated in Figure 2(b), the addition of EGTA to the
reaction mixture diminished binding between galactose
and LSBPs.

Nuclear magnetic resonance spectroscopy

Further evaluation of sugar binding to LSBPs was per-
formed by nuclear magnetic resonance spectroscopy
(NMR) spectroscopy. Binding was evaluated by line broad-
ening and chemical shift changes in the 1H spectra and the
waterLOGSYpulse sequence,29,37 which allowed ranking of
the sugars’ affinity based on the respective signal sizes.

Figure 1. High-performance liquid affinity chromatography and electrophoretic separation of LSBPs. (a) and (b) are chromatograms of protein samples isolated from

lysate of tumor cells grown in vitro and of tumor homogenates from in vivo samples, respectively. Protein separation was performed using a lactosyl-resin, which binds

proteins (LSBPs) with an affinity for this sugar. In the chromatograms, the column binding proteins are represented by peaks with retention times between 25 and

30min. (c) a polyacrylamide gel comparing protein separation from cell lysate (lane A) and tumor homogenate (lane D) as well as the flow through (lanes B and E) and

column binding fractions (lanes C and F). The chromatogram shown in (d) represents the separation of LSBPs following the addition of galactose (50 mM) to the mobile

phase. (A color version of this figure is available in the online journal.)
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In solution, the sugars examined exist predominantly as
pyranose-ring forms and as a- and b-anomers. Only the
pyranose-ring forms were amenable to analysis because
the furanose-ring and open-chain forms of each sugar
were too low in concentration. The affinity of galactose
and fucose for LSBPs was moderate, based on clear line
broadenings and the observed chemical shift changes in
the 1H spectra. From the comparative line broadening of
the anomeric H-1s, the binding was greater for the
b-anomer of galactose than for the a-anomer, and similarly
in the case of fucose. The observed bindings in the 1H spec-
tra were confirmed by waterLOGSY spectra. In addition,
notable intensities in the waterLOGSYexperiment for many
of the protons inferred that the binding epitope encom-
passes the entire molecule. A competition binding experi-
ment was also performed to compare the affinity of b- and
a-anomers of galactose and fucose. Although the difference
was only slight, the b-anomer of galactose had a higher
affinity compared to the b-anomer of fucose. Similarly, the
a-anomer of galactose showed a slightly higher affinity in
comparison to the a-anomer of fucose. However, the affin-
ity of rhamnose to LSBPs was not clearly ascertained from
the 1H spectra. WaterLOGSY evaluation, however, con-
firmed the very weak binding of both a-and b-anomers of
rhamnose to LSBPs. Moreover, waterLOGSY confirmed

that b-rhamnose interacted with LSBPs more strongly
than a-rhamnose. In addition, mannose and glucose were
also examined with similar results, i.e. for all five of these
sugars, evaluation of the line broadening and the
waterLOGSY spectra revealed that the two anomeric
forms exhibited differential affinity with the b-anomer
always showing higher affinity than the a-anomer. The
order of binding for the 10 predominant sugar forms of
the five sugars as evaluated by NMR is as follows;
b-Gal> b-Glc> b-Fuc� a-Gal� a-Fuc� a-Glc� b-Man�
a-Man> b-L-Rha> a-L-Rha.

Identification and characterization of LSBPs

Thoroughly washed and therefore galactose-free LSBPs
were identified and characterized by label-free mass spec-
trometry (LFQMS). Re-administration of these LSBPs to the
lactosyl resin served as control. In parallel, other LSBP frac-
tions were loaded to the lactosyl-resin following the addi-
tion of galactose (50 or 150mM), without or with EGTA
(0.5mM) to the respective mobile phases. For controls, the
LSBPs bound to the lactosyl-resin were eluted; for the other
groups, the flow through (i.e. the fraction that was pre-
vented from binding to the lactosyl-resin) was collected
for further analysis (see Figure 1(d)). The collected fractions
were precipitated from the loading buffer and also

Figure 2. Affinity of monosaccharides to lactosyl-sepharose binding proteins. (a and b) Binding curves of galactose to LSBPs in the absence or presence of EGTA,

respectively, as evaluated by microscale thermophoresis. (c) The NMR spectra for the binding of galactose and fucose to LSBPs as demonstrated by waterLOGSY.

The waterLOGSY spectrum in blue is a control sample of sugars in the absence of LSBPs. The spectrum in red shows the negative resonances for the ring protons of

galactose and fucose as well as the methyl group of fucose. The negative signals indicate the interaction of these sugars with LSBPs. For comparison, a normal
1H spectrum (green) for galactose and fucose in the absence of LSBPs is also shown. (A color version of this figure is available in the online journal.)

LSBP: lactosyl-sepharose binding protein; EGTA: ethylene glycol-bis (b-aminoethyl ether)-N, N, N0, N0-tetraacetic acid.
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evaluated by LFQ MS. Details of the experimental design
and analysis are given in Materials and Methods section as
well as in Supplementary Figures 1 and 2. In total, 1336
proteins were detected by identifying at least two related
peptides. Proteins that had no measurable LFQ value (“0”;
n¼ 41) in all control groups were excluded, thus decreasing
the number of proteins to 1295. The distribution of these
proteins regarding their localization is summarized in
Table 1. From this number, only 1193 proteins were
matched to the chip array data (see Supplementary
Table1). A breakdown of these (see Table 2) shows different
protein groups as quantified by LFQ MS. Proteins, which
were not influenced by galactose in their column-binding
properties, are represented by LFQ ratios of zero (n¼ 1062).
Those, which were partially influenced by addition of
galactose to the mobile phase (n¼ 152), showed LFQ
ratios 	0. The last group (n¼ 81) represents proteins,
which showed measurable LFQ ratios >0 in all three exper-
imental groups. As shown in Figure 3(a) and (b), proteins
were grouped according to their column binding properties
in the presence of galactose, either without or with EGTA.
From this analysis, LSBPs were identified showing a similar
response to low (50mM) or high (150mM) galactose with-
out and with EGTA concentrations (Figure 3(c) to (e)).
These proteins exhibited differences in affinities for the lac-
tosyl resin as demonstrated by their LFQ ratios. Other
LSBPs showed differential binding behavior between the
experimental groups (Figure 3(f) to (h)). However, most
of the proteins were not influenced in their binding by
the addition of galactose and/or EGTA to the mobile phase.

Search for sugar binding motifs in LSBPs

LSBPs were also characterized by searching for motifs with
sugar binding amino acids. Remarkably, the CRD motif, as
described in Finn et al.32 was not found in any of the LSBP
proteins. Therefore, a “findpattern” search was performed
using amino acids from ricin and Rpx that are known to
bind galactose (see Materials and Methods section). The
pattern search was performed in those proteins that
showed sensitivity to galactose (n¼ 81 or 87), but did not
find any hits. With the program MEME, six motifs (a–f)
were identified (Figure 4(a)). These motifs had different
widths and occurred at different sites of the protein sequen-
ces (see Supplementary Table 2). The six motifs were eval-
uated in proteins with sensitivity to galactose (n¼ 81 or 87),
proteins with partial sensitivity for galactose (n¼ 152 or
157), LSBPs with no sensitivity for galactose (n¼ 207), kin-
ases (n¼ 99), and random proteins (n¼ 98). Evaluation of
these motifs in proteins showed that motifs d and/or f were
associated with significantly higher scores in the proteins
with sensitivity to galactose than in the other protein
groups (Figure 4(b) and (c)). In total, 37 proteins were iden-
tified with motifs d and f. Of these, 14 proteins contained
both motifs, 10 contained motif d only and 13 contained
motif f only. All 37 proteins are shown in the
Supplementary Table 3. It is worth noting that the
number of galactose-sensitive and galactose partially sen-
sitive proteins increased from 81 to 87 and 152 to 157,
respectively, during the conversion of gene IDs to protein
entries in the protein database (Uniprot.org).

Table 1. Overview of LSBPs identified by mass spectrometry following affinity separation.

Protein location Identified proteins Description of protein subgroups

Cytoplasmic proteins 650 (54.5%) Enzymes (kinases, peptidases, phosphatases), transporters,

transcription regulators, translation regulators, others

Extracellular proteins 86 (7.2%) Enzymes (peptidases), transporters, growth factors, cytokines, others

Nucleus proteins 304 (25.5%) Enzymes, transcription regulators, others

Plasma membrane proteins 113 (9.5%) Enzymes (peptidases, kinases, phosphatases), transporters,

transmembrane receptors, G-coupled proteins, ion channels

Protein from other locations (others) 40 (3.3%) Transporters, enzymes (peptidases, kinases, phosphatases), others

Table 2. Breakdown of proteins of the flow through after the addition of galactose low and high concentrations to the mobile

phase.a

Proteins’ distribution

in the Venn diagrams

Galactose LCb

(50mM) – LFQ

Galactose HCc

(150mM)–LFQ)

Galactose HCc

(150 mM)1EGTA–LFQ

1062 0.0 0.0 0.0

81 >0.0 >0.0 >0.0

77 >0.0 0.0 0.0

22 0.0 0.0 >0.0

24 >0.0 0.0 >0.0

13 >0.0 >0.0 0.0

8 0.0 >0.0 0.0

8 0.0 >0.0 >0.0

LFQ: label-free quantification; EGTA: ethylene glycol-bis (b-aminoethyl ether)-N, N, N0, N0-tetraacetic acid.
aTable 2 gives the breakdown of proteins shown in Figure 3, which were quantified by MS analysis and their respective LFQ ratios. A value

below the detection limit (0.0001) indicates that the binding of these proteins to lactosyl-sepharose resin was not influenced by galactose

(50 and 150mM) concentrations.
bGalactose low concentration.
cgalactose high concentration.
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Expression of LSBPs in a PDAC liver metastasis model

After isolating and identifying LSBPs from Suit2-007 PDAC
cells growing in vitro, we related these proteins to their
mRNA expression levels, which had been measured
before from Suit2-007 cells growing in vivo. As detailed
earlier,28 a chip array had been performed comparing the
expression profiles of genes in Suit2-007 PDAC cells grow-
ing in the pancreas, liver, and lung environments of an
established rat model. These tumor cells had been re-
isolated from the respective organs following orthotopic
as well as intraportal tumor cell implantation. The corre-
sponding gene profiles showed the expression of individ-
ual genes (fold change) in one environment compared to
the others. The aim of this comparison was to assess the
potential importance of LSBPs for the metastatic process.

When designing the experiment for the separation of
cellular LSBPs, we had anticipated to isolate proteins

with lectin-like properties, comparable to that of Rpx, as
well as others known to bind sugars, like members of the
annexin and galectin families. Based on the results of our
chip array experiment, we had knowledge on the differen-
tial expression status of the genes in question. Comparison
of the mRNA expression fold change of some of these genes
attracted our interest for investigating the presence of
glycan binding proteins in tumor cells (see Figure 5(a)
and (b) for the expression profiles of some members of
the annexin and galectin families). When relating the pan-
creatic expression to the expression in vitro, only annexin-2
and -3 deviated from the basal expression (fold change¼ 1),
showing fold changes of 4.3 and 0.36, respectively. A com-
prehensive analysis of all known annexins is shown in
Supplementary Table 4. When relating their expression in
liver or lung to pancreas, however, all shown family
members were significantly modulated (see Figure 5(b)).

Figure 3. Label-free quantification of lactosyl-sepharose binding proteins by MS analysis. (a) The Venn diagram of protein groups as characterized by LFQ MS. The

experiment was performed to identify LSBPs, which had been isolated from PDAC cell lysates. Re-administration of these LSBPs to the lactosyl-resin served as

control. For competitive elution, mobile phases of the other experimental groups contained LSBPs and galactose at low (galactose LC, 50 mM) or high (galactose HC,

150 mM) concentrations. In a third group, EGTA (0.5 mM) was added to the high galactose concentration. For controls, the LSBPs bound to the lactosyl-resin were

eluted; for the other groups, the flow through (i.e. the fraction that was prevented from binding to the lactosyl-resin by galactose) was collected. Data on LFQ ratios

were obtained by comparing the experimental groups with controls resulting in three groupings: the galactose non-sensitive group (n¼ 1, 062) with LFQ values¼ 0, the

galactose partially sensitive group (n¼ 152) with values LFQ values 	0 and the galactose-sensitive group (n¼ 81) with LFQ values >0. (b) The distribution of all

galactose-sensitive proteins (n¼ 233) with respect to their LFQ ratios. Altogether, 81 proteins showed LFQ values >0 in all three experimental groups, 45 proteins

showed LFQ values >0 in two experimental groups, and 107 proteins showed LFQ values >0 in only one experimental group. (c to e) proteins, which exhibited similar

intensities of binding to the lactosyl resin, in the presence of low and high galactose concentrations, without and with EGTA. Bargraphs F to G exemplify distinct

differences in column binding between high and low galactose concentrations without and with EGTA. For non-detectable LFQ values, a constant value of 0.0001 was

used which corresponds to the detection limit. (A color version of this figure is available in the online journal.)
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Clearly, PDAC cells growing in secondary organs
expressed substantially higher levels of respective mRNA
than those growing in the primary tissue (pancreas). In
addition to concentrating on protein families known to
have lectin-like properties, we also used the pool of all
LSBPs for extracting the mRNA modulation of the respec-
tive genes (n¼ 1193) from the chip array data. All 1193
genes, with their respective expression ratios and
p values were analyzed by the IPA. From the IPA results,
three functional annotations were selected based on a sig-
nificant Z-score (>3), p value, and their relevance to tumor
growth and progression. These functional annotations
included genes grouped under the terms “cell movement,”
“cell signaling and interaction,” and “cell development.” To
identify genes with single and shared functional annota-
tions, a Venn diagram was constructed (Figure 5(c)). The
Venn diagram shows the distribution of genes for LSBPs
(n¼ 93) for the three functional annotations selected from
IPA. Further selection (n¼ 43) was performed for those
genes showing significant expression in at least one or
more organ environment(s) (see Supplementary Table 5).
Figure 5(d) and (e) represents bar graphs for selected
genes, which were significantly up-regulated in the pancre-
as as well as in the liver and lungs.

Discussion

In this study, we established a workflow involving affinity
chromatography and LFQ MS for the isolation and identi-
fication of lactosyl-sepharose binding from Suit2-007
human PDAC cells. By relating the respective mRNA
expression of these proteins to chip array data obtained
from the same cell line in a PDAC liver metastasis model,
we found a subset of genes, which have the potential to
contribute to PDAC progression and metastasis. The sepa-
ration of these proteins by affinity chromatography was
based on a lactosyl resin, which is not commonly used for
protein purification. However, this resin had been used for
purification of the plant lectin Rpx, which binds glycan
structures and also inhibits proliferation of PDAC cells.
The sugar composition of this resin was the key determi-
nant in its affinity for Rpx. The resin is composed of sephar-
ose beads chemically linked to a lactosyl ligand. In addition
to a stable ligand, the resin had a wide fractionation range
(up to 150 kDa) and can withstand high pH values. With
this method, we anticipated isolating proteins with glycan
binding properties similar to Rpx.

By applying tumor cell lysate to the lactosyl resin, we
isolated and identified 1295 proteins with appropriate
affinities. Results from LFQ MS and binding experiments

Figure 4. Sugar binding motifs for lactosyl-sepharose binding proteins. (a) A statistical comparison of six motifs (a–f) identified by a pattern search in the galactose

sensitive proteins (LFQ ratio >0). (b) and (c) A comparison of scores obtained from fitting motifs d and f to five protein groups. The five protein groups consisted of:

galactose-sensitive group (n¼ 81, LSBPs gal sensitive), galactose partially sensitive, (n¼ 152; LSBPs partially sensitive), galactose non-sensitive group (n¼ 207;

LSBPs gal nonsensitive), kinases (n¼ 99; kinases), and random artificial proteins (n¼ 98; random proteins). (d) A Venn diagram for those proteins containing motifs d

and f. (A color version of this figure is available in the online journal.)

LSBP: lactosyl-sepharose binding protein.
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revealed that this methodwas robust and reproducible. The
resin enriched proteins known to bind sugars including the
members of the galectin and annexin families, as well as
other protein families with previously unknown properties
with regard to glycan binding. One of the challenges asso-
ciated with MS-based proteomics technology is the limita-
tion in detection of low abundance proteins from any given
sample. The current study was not exempted from this lim-
itation, since we were not able to detect all the proteins we
anticipated to isolate. For instance, only a few members of
the annexin and galectin protein families were detected by
LFQ MS following their separation by affinity chromatog-
raphy. To further characterize the galactose binding pro-
teins, we added galactose to the mobile phase at two
concentrations, to compete with the resin for the galactose
binding proteins. This resulted in a number of proteins
(18%), which exhibited decreased binding to the resin
under these conditions of competitive elution. These find-
ings suggest that galactose may have induced conforma-
tional changes in the binding sites of these proteins, thus
reducing their affinity for the resin. In addition, the size of a
sugar binding pocket has also been shown to influence the
affinity of proteins for sugars. For instance, enzymes, which
are involved in sugar transport, have to provide a deep cleft
for tight binding, as opposed to lectins, which have shallow
clefts and interact with sugars transiently.38 Although lec-
tins are known to bind small carbohydrates with low

affinity, their binding is enhanced during spatial clustering
(multivalency effect).39

To investigate the binding of monosaccharides to LSBPs,
microscale thermophoresis and NMR spectroscopy were
performed. For NMR, we used mixtures of monosacchar-
ides to directly compare the relative binding properties
through competitive binding and thereby eliminate incon-
sistencies in samples, which can occur when evaluating
samples containing only individual monosaccharides. By
line broadening and chemical shift changes in the 1H spec-
tra, and waterLOGSY experiments, galactose, glucose, and
fucose only showed a weak affinity for LSBPs. Two other
sugars (mannose and rhamnose) that were also included in
the analysis exhibited even weaker affinities. From these
five sugars, galactose exhibited the highest affinity for
LSBPs. Their affinity could be graded as follows: galacto-
se> glucose> fucose>mannose> rhamnose. The binding
intensities of the b- and a-anomeric forms of these sugars
were also distinguished with the b-anomers showing
higher affinity than their corresponding a-anomers in all
cases. These studies revealed that PDAC cells contained
galactose binding proteins, which bind strongly to the
resin, thus requiring a high salt buffer containing galactose
for elution. The difference in the binding intensities of
monosaccharides to glycan binding proteins has been
explained previously.40 Galactose was shown to interact
strongly with glycans compared to glucose due to the

Figure 5. mRNA expression of lactosyl-sepharose binding proteins. (a and b) The gene expression profiles of selected galectin and annexin family members as

determined by a chip array using tumor cells re-isolated from the pancreas, liver, and lung environments of a PDAC liver metastasis rat model. In (a), the fold change of

annexins and galectins in the pancreas was compared to their expression in cells grown in vitro. In (b), the fold change of annexins and galectins in the liver and lung

was compared to their expression in the pancreas. (c) A Venn diagram consisting of 93 genes as evaluated by IPA. These genes were part of the 1193 genes from IPA

resulting in various functional annotations. Three functional annotations were selected based on their predicted increased activation state and a significant Z-score of

>3.918. They were grouped under the terms “cell movement,” “cell signaling and interaction” as well as and “cell development.” From these genes (n¼ 93), 43 were

selected based on their significant modulation in at least one or more environments (see Supplementary Table 5). (d) and (e) show bargraph for 9 and 4 genes,

respectively, which were selected based on their significant mRNA expression modulation in the pancreas. These genes were assigned to green (cell movement), blue

(cell movement and cell signaling), pink (cell movement, and cell development), and yellow (cell movement, cell signaling, and cell development). (A color version of this

figure is available in the online journal.)
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difference in configuration at the C4 position, for which the
hydroxyl group is axially oriented in galactose but equato-
rial in glucose for the preferred ring conformation of the
pyranose-ring form. Thus, the mode of interaction of these
sugars with the aromatic amino acids (tryptophan, tyro-
sine, or phenylalanine) at the binding site differs, whereby
galactose interacts with the aromatic residues at C3-H,
C4-H, C5-H, and C6-H, while glucose interacts with the aro-
matic residues either at C5-H and C6-H or at C1-H, C5-H
and/or C4-OH.40 The differences in the orientation of the
C-OH of the sugar, with respect to the aromatic amino acids
at the binding site, may explain the observed differences in
the affinity of galactose and glucose for LSBPs as demon-
strated by NMR. In this study, we delineated the affinity of
selected monosaccharides for LSBPs. In their simplest
forms, these sugars are linked by glycosidic bonds for form-
ing disaccharides, such as lactose (glucose and galactose),
sucrose (glucose and fructose), and maltose (glucose and
glucose). As both, galactose and glucose exhibited moder-
ate affinity for LSBPs, future studies will be required to
evaluate the affinity of lactose for LSBPs in comparison to
individual monosaccharide components.

The binding studies also revealed that the interaction of
galactose with LSBPs was calcium dependent. This was
evident as the addition of EGTA to a reaction mixture con-
taining galactose and LSBPs diminished the observed bind-
ing strength. These results proved that LSBPs were
composed of Ca2þ-dependent galactose binding proteins
akin to the C-type lectins and others known to bind glycans
in a calcium-dependent manner. Some members of the
annexin family, for instance, have been shown to bind gly-
cosaminoglycans and sialoglycoproteins in the presence of
calcium. The C-type lectins are known to bind sugars in a
calcium-dependent manner through their CRD.41,42

Calcium is crucial in maintaining the configuration of bind-
ing modules of these lectins.43

Focusing on proteins that exhibited sensitivity to galac-
tose, we performed a search to identify motifs associated
with sugar binding. Initially, we focused on the known
CRD motif, but there was no match in any of the LSBPs.
Then we concentrated on a motif, which was found in plant
lectins that had been isolated by the lactosyl-resin used in
this study. The search involved a flexible approach with
amino acids previously known to bind galactose.
Although the galactose binding sites do not have a
unique recognition template for sugar binding, a number
of amino acids have been identified, which are pivotal in
sugar–protein interactions. In addition to tryptophan, tyro-
sine, and/or phenylalanine, which characterize the galac-
tose binding site, we also considered arginine, aspartate,
and glutamate, which can form a bidentate interaction
with the neighboring hydroxyls of the sugar.38 From our
search, we identified six motifs, of which only two (d and
f) appeared relevant because of their amino acid composi-
tion. Motif d was considered the most relevant for having
two sugar binding amino acids (tyrosine and phenylala-
nine) as well as others (leucine and aspartate), which are
known from the galactose binding domains of ricin and
Rpx. The significance of these two motifs in the context of
galactose binding requires experimental validation with

assays involving the deletion or substitution of specific
amino acids predicted to bind this sugar. However, this
aspect remains open for future investigations, since it is
beyond the scope of this work.

Metastatic disease is the underlying cause of cancer mor-
tality worldwide accounting for 90% deaths.44 One of the
defining features of metastasis is a complexity character-
ized by a sequence of cellular events cascading from the
primary site to the colonization of distant organs.45

Investigations on the role of genes in metastatic progression
are limited by the quality of animal models mimicking the
true nature of the disease as in humans. In the present
study, we employed a previously established rat model
for mimicking either the growth of the primary PDAC or
of its liver metastasis. Clearly, a model giving access to both
conditions in the same rat would be more helpful for deter-
mining the identity of LSBPs and their contribution to met-
astatic progression.

By relating the mRNA expression of LSBPs in different
organ environments, we identified genes by the IPA, which
were associated with tumor growth and progression. These
genes were grouped under three functional terms of “cell
movement,” “cell signaling and interaction” and “cell
development,” which are intertwined with the cascade of
metastasis. As reported in our previous work, the analysis
of filtered genes using IPA program resulted in the identi-
fication of protein-glutamine c-glutamyl transferase 2
(TG2) among other genes, which showed modulation of
expression that was associated with metastasis.28 TG2
was then characterized in vitro to confirm its role in
tumor progression. Future studies will focus not only on
the role of this gene in vivo but also on that of others for
characterizing and validating their respective roles in
tumor progression. In this respect, we identified other inter-
esting genes in the pancreas tissue, which are associated
with various functional annotations. Those related to “cell
movement” include lipocalin2 (LNC2), interleukin 1 alpha
(IL1A), and serpin family A member 3 (SERPINA3).

Laminins (LAMA3 and LAMC2) were associated with
“cell signaling,” while CUB domain-containing protein 1
(DCPI), integrin alpha-2 (ITGA2) CD44 antigen (CD44),
and protein-glutamine c-glutamyl transferase 2 (TGM2)
featured in all three functional annotations, i.e. in “cell
movement,” “cell signaling,” and “cell development.” In
the liver, SERCA-type calcium pumps (ATP2A2) and amy-
loid-b A 4 protein (APP) featured in cell signaling but were
involved in cell movement in the lung environment. In
addition, annexinA2 (ANXA2) and E-cadherin (CDH1)
were related to all three functional annotations in both
liver and lung environments.

Literature information supports these genes having a
role in various cancers, including PDAC. LCN2, for
instance, was confirmed as one of the most over-
expressed genes in PDAC. Its expression in pancreatic
intraepithelial neoplasia lesions correlated with disease
progression.46 Similarly, CD44 is significantly expressed
in human pancreatic tumors as well as in their metastases
and is associated with patient survival.47 In the extracellu-
lar matrix, CD44 antigen interacts with numerous ligands
like hyaluronic acid, osteopontin, chondroitin, collagen,

Sagini et al. Lactosyl-sepharose binding proteins in PDAC 641
...............................................................................................................................................................



fibronectin, and sulfated proteoglycans.48 ITGA2 is pivotal
in tumor progression and metastasis through the enhance-
ment of processes such as cell migration, invasion, prolif-
eration, and survival.49 ANXA2 was also shown to be
involved in the development of pancreatic cancer.20

CDH1 is associated with tumor progression, particularly
in regard to epithelial mesenchymal transition (EMT) pro-
cesses. When silenced in PDAC cells, CDH1 induced EMT
resulting in metastatic progression in vivo.50

Conclusion

In conclusion, we report the isolation and identification of
LSBPs by a newly established workflow involving lactosyl
affinity chromatography and LFQ MS. Some of these pro-
teins include the well-known family of galectin and
annexin proteins. Unexpectedly, the resin enriched other
protein families, which have not been described before
with respect to carbohydrate binding. These proteins con-
tained a fraction that showed some degree of calcium
dependency for their sugar binding. Although their inter-
action with monomeric sugars was moderate, their affinity
to the lactosyl resin was remarkably strong, warranting a
buffer containing high salt conditions. At the mRNA level,
some of these proteins were differentially expressed in the
primary and secondary organ environments of a PDAC
liver metastasis model, a feature that indicates their possi-
ble role in metastasis. The affinity of glycan binding pro-
teins makes them attractive in diagnostic evaluation and as
targets for PDAC therapy.
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