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Incidence of colorectal cancer is closely related with the lifestyle, especially the dietary habits of patients. Epide-
miological researches have demonstrated a negative correlation between legume consumption and colorectal
cancer incidence. Lectins/hemagglutinins are a type of carbohydrate binding proteins which are abundantly
stored in legumes. Their eminent pH-stability allows them to survive digestion and remain active in the intestine
where they may have direct contact with colorectal tumors. It is therefore interesting to explore the direct inter-
action between lectins/hemagglutinins and colorectal cancer. In the present research, we reported a detailed re-
search on the interaction between a hemagglutinin isolated from anedible legumewith two colorectal cancer cell
lines. This hemagglutinin (NCBBH)was found to first bind to tumor cell membrane as early as 30min post treat-
ment andwas gradually transported inside the cytoplasmwithin 3 h, with some of it localized in the Golgi appa-
ratus and some in the lysosomes. After its entrance, the hemagglutinin induced aggregation of the Golgi
apparatus, which in turn adversely affected the transportation of protein from endoplasmic reticulum (ER) to
the Golgi apparatus, resulting in protein accumulation in ER and ER stress. The hemagglutinin-treated cells
alsomanifested severemitochondrial malformation andmembrane depolarization, accompanied by obvious ap-
optosis characteristics, like chromatin condensation, phosphatidylserine exposure and caspase activation. Collec-
tively, our results indicate that the hemaggltuinin could successfully enter the cytoplasmof colorectal cancer cells
and adversely affect their growth, providing a mechanism in support of the application of edible legumes to the
prevention and treatment of colorectal cancer.

© 2016 Published by Elsevier B.V.
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1. Introduction

Colorectal cancer (CRC) is listed as the third most common malig-
nancy worldwide. In the United States, it is the second leading cause
of cancer related deaths among adults [1]. The incidence of CRC varies
markedly with countries and regions. According to the reports analyz-
ing the data collected from 1998 to 2002, the registries from Europe,
North America and Oceania had the highest incidence rates while

those from Asia, Africa and South America ranked the lowest [2]. The
same research has also pointed out a positive correlation between the
incidence rates of CRC and the degree of westernization in lifestyle
which have included diets containing high-calorie-dense foods, espe-
cially animal protein and fat [2]. Researchers also found the incidence
rate of CRC among African Americans and Native Africans were respec-
tively 52 per 100,000 and b5 per 100,000 and this significant difference
could unlikely be explained by genetic susceptibility but environmental
influences, especially lifestyle [1]. It has even been estimated that all
cancer deaths are potentially avoidable by changing the dietary pattern
and for colon cancer this percentage could be as high as 50% [3].

Consumption of food rich in dietaryfiber is documented to have pro-
tective effects on CRC since dietary fiber is capable of capturing fats and
biliary acids [4]. As one kind of the commonly consumed foods, legumes
have been found to contain a variety of dietary proteins, vitamins,
lignans and isoflavones [5]. Epidemiological studies indicated that con-
sumption of legumes could help in reducing the incidence of CRC since
the incidence of CRC in countries where people consumed an abundance
of dry beanswas comparatively low [6]. Experiments on rats also disclose
a significant lower CRC tumor multiplicity induced by azoxymethane
among bean-fed rats than casein-fed rats (5 vs. 22 tumors, 21 rats in
each group) [6]. Though in this report the specific anticarcinogenic
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componentswere not identified, other research had indicated the impor-
tance of isoflavone genistein, protease inhibitor, saponins and phytate
etc. isolated from soybeans in cancer prevention [7,8].

In the present study, we focused on the study of the anti-colorectal
cancer function of a defense protein (a hemaggltuinin) isolated from
an edible legume. Lectin/hemagglutinin is a type of protein which is
found to be commonly and abundantly stored in the seeds of legumes.
It is characterized with the unique property to initiate reversible
binding with specific carbohydrate motifs in a non-catalytic way [9,
10]. The majority of this type of protein is highly pH-stable and
thermalstable. It could resist digestion and remain active in the colon
[11].

Interestingly, when compared with normal colonic mucosa, there
were more lectin/hemagglutinin receptors expressed in hyperplastic
and neoplastic colonic tissues [12]. The interaction between dietary
lectins and colonic mucosa was postulated to regulate the proliferation
[12] and differentiation [11] of colorectal tumors. According to the re-
port of Jordinson and his colleagues, Vicia faba agglutinin could stimu-
late the differentiation of an undifferentiated colon cancer cell line
into gland-like structures, reversing the malignant phenotype of colon
cancer cells [11]. This process was prospected to be completed through
an interaction between dietary lectin and epithelial cell adhesion mole-
cules [11].

Due to the difference of sugar specificity of lectins/hemagglutinins
and diversity of molecule glycosylation, different lectins/hemaggluti-
nins have been reported to initiate distinct reactions with different
types of cells [11]. In our research, we have monitored the influence of
the target hemagglutinin on proliferation of the colorectal cancer cell
lines aswell as themechanisms involved. Its interactionwith cell mem-
branes and organelles was also the research focus of this paper.

2. Results

2.1. NCBBH suppressed proliferation of colorectal cancer cells

The proliferation of both HT29 and HCT116 cells was found to be
suppressed by treatment of NCBBH in a dose- and time-dependent
manner. As presented in Fig. 1A, though the anti-proliferative potency
of NCBBH on HT29 and HCT116 cells appeared to be equivalent at
24 h, divergence was observed at 48 h that the proliferation of HT29
tended to be more potently suppressed than HCT116 cells that received
the same dosage of protein. The IC50 values for HT29 andHCT116 cells at
48 h were respectively around 0.625 μM and 10 μM.

The binding specificity of NCBBH has been discussed in our previous
published paper [13] which introduced the purification and characteri-
zation of this protein. Briefly, we have tested on the inhibitory effect of
13 sugars, including GalNAc, D-galactose, L-fucose, L-arabinose, D-fruc-
tose, D-mannose, D-mannitol, D-xylose, D-glucose, maltose, α-lactose,
raffinose, and L-rhamnose on the hemagglutinating activity of NCBBH
and GalNAc was demonstrated to be the only one which could partially
inhibit the hemagglutinating activity. The presence of the sugar GalNAc
was also found to slightly attenuate the anti-proliferative effect of
NCBBH on colorectal cancer cells. To eliminate the influence of GalNAc
on cell proliferation, the percentage of inhibition (of different concen-
trations of NCBBH) was calculated by comparing treated cells with the
corresponding control cells cultured in medium containing the same
concentration of GalNAc but without NCBBH. As shown in Fig. 1B,
there was a consistent trend observed in both cell lines that with the in-
crease of concentrations of GalNAc, the anti-proliferative potency of
NCBBH was crippled in a higher degree.

NCBBH reduced the efficiency of colony formation in both HT29 and
HCT116 cells. The number and size of cell colonies were compared
between cells cultured in the presence and absence of NCBBH. For
HCT116 cells, no statistical significancewas found in colony number be-
tween the control cells and treated cells. However, the size of HCT116
cell colonies after treatment with 1 and 2 μM NCBBH was respectively

56% and 65% smaller than the control. For HT29 cells, at the concentra-
tions of 1 and 2 μMNCBBH, the number of cell colonies was respectively
8% and66% less than the controlwhile the size of colonywas respective-
ly 65% and 80% smaller than the control, as presented in Fig. 1C.

2.2. NCBBH induced cell cycle arrest in colorectal cancer cells

In the present study, the effect of NCBBH on the cell cycle was mea-
sured by twomethodswhich included the application offlowcytometry
to monitor the percentage of cells that contained DNA at a relative level
andwestern blotting assay to detect two proteinswhich have been doc-
umented to be important in the regulation of cell cycle. As presented in
Fig. 2A, after the treatment with NCBBH for 24 h, the percentage of cells
in G1 phase was higher than that in the control. This trend was consis-
tent in both cell lines that the percentages of HT29 and HCT116 cells in
G1 phase respectively increased from 49% to 74% and 33% to 63% when
treated with 5 µM NCBBH. The cell cycle arresting effect of NCBBH was
further confirmed by the results presented in Fig. 2B. The expression
of cyclin D1 which can promote cell proliferation and cell phase transi-
tion from G1 to S was found to be down-regulated in a time- and dose-
dependent manner. Consistently, the expression of P21 is up-regulated
to inhibit the activity of Cyclin-dependent kinases.

2.3. Transportation and colocalization of NCBBH with different organelles

Cells were culturedwith 0.02mg/ml FITC-labeled NCBBH for 30min,
90 min, 120 min or 180 min and observed by using a confocal system.
The 3D images were constructed by using Imaris software and the dy-
namic images were available in supplementary data Video clip 1a and
b. In order to make it convenient for viewing, the static images were
presented in Fig. 3A. At the time point of 30 min, the bulk of NCBBH
was found to be localized on the membrane of HT29 cells and partially
transported into the cytoplasm in HCT116 cells, which indicated diver-
gence of this protein transportation efficiency in HT29 cells and HCT116
cells. At the time point of 90 min and 120 min, proteins on cell mem-
brane of both HT29 and HCT116 cells were successively transported
into cytoplasm. The majority of NCBBH was detected in the cytoplasm
of cells and appeared to be distributed in an aggregated status in
HCT116 cells at the time point of 180 min.

The localization of NCBBH in the cytoplasm was then further deter-
mined by co-localization analysis with different organelles inside the
cells. As displayed in Fig. 3B and C, endoplasmic reticulum and mito-
chondria in HT29 and HCT116 cells were generally evenly distributed
around the nucleus, which was significantly different from the pattern
of NCBBH distribution. Co-localization analysis with Golgi apparatus
(Fig. 3D) presented an interesting phenomenon that the Golgi appara-
tus appeared to be enwrapped and aggregated by the protein (as indi-
cated by the arrow). The distribution of Golgi apparatus in cells
receiving no treatment with NCBBH is presented in Fig. 3F. The results
of co-localization analysis with lysosomes indicated that after cells
were incubated with the protein for 3 h, parts of the protein was
transported to the lysosome. The co-localization condition of NCBBH
with lysosomes at 10 h was present in 3D image in supplementary
data Video Clip 2 that at this time point NCBBH was still detectable in
cell cytoplasm and only some of the protein were transported to the
lysosomes.

2.4. Specific binding of NCBBH on the cell-cell interaction membrane

As it has been present in Fig. 3A, at the initial stage of interaction
NCBBH was first bound on cell membranes and subsequently
transported into the cytoplasm. At the time point of 3 h, the protein
was barely observed on cell membranes except that at the interface be-
tween two cells (as displayed in Fig. 3E),which indicated that in a single
cell the protein expression at the interfacewhere it has contact with an-
other cell is different from the contact-free membranes. In order to
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