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Abstract

The L-fucose-specific lectin from Aspergillus niger (ANL), is examined by studying interaction
with hepatocellular and colon cancer cells and evaluating its anti-cancer and diagnostic potential.
ANL strongly bound to HepG2 and HT-29 cells which are effectively blocked with L-fucose and
mucin. ANL increased hypodiploidy and decreased HepG2 cells in Go-G; phase. ANL increased
apoptosis in both HepG2 and HT-29 cells via enhancing ROS, altering MMP and activating
intrinsic pathway. Immunoblotting confirmed time-dependent elevation of cytochrome c,
caspase-9 and active caspase-3. Immunohistochemistry and development of an ANL-anti-AFP
sandwich ELISA to quantify AFP in HCC patients confirmed diagnostic potential of ANL.
KEYWORDS

Aspergillus niger lectin, apoptosis, cell cycle arrest, alpha-fetoprotein, lectin-ELISA

1. Introduction

Tumour cells are known for expressing different glycan profiles on their cell-surface compared
to normal or non-transformed cells. Expression of altered cancer specific glycans on cancer cells
is an important pathophysiological condition observed in many cancers which serves as an
important cancer biomarker (1). These glycans are known to play an important role in cancer cell
proliferation, cell invasion, cancer metastasis and angiogenesis and the role of glycans in these
various processes has been well established. Lectins considering their unique fine sugar
specificity can bind differentially to these glycans and hence can serve as cancer diagnostic
agents. Expression of oncofoetal gene epitopes expressed on tumour cells has been manifested in
malignant transformation and also some of them have known to be released in to the serum
which serves as biomarkers (2). Many serum glycoproteins and cell-surface membrane receptors

are observed known to be highly fucosylated in gastrointestinal cancers, including hepatocellular
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carcinoma, pancreatic carcinoma and colon adenocarcinoma which is an important diagnostic
marker (3). Differential expression of fucosyltransferases in transformed cells eventually results
in increased fucosylation patterns seen in various cancers which can act as specific cancer

biomarkers (4).

Alterations of both N- and O-linked glycans have been observed in many glycoproteins
expressed on cancer cell surface or in the serum which serves as cancer markers (5). Many serum
glycoproteins, like alpha-fetoprotein (AFP) and haptoglobin, are known to express altered N-
glycans especially fucosylated N-glycans in gastrointestinal cancer, both present in abundance on

the cell surface, and released into the serum during malignant transformation (6).

Serum AFP, a well-established tumour marker that is produced in hepatocellular carcinomas
(HCC), has an abundance of fucose epitopes (7). Many of these specific glycans are considered
as disease markers and are targets for diagnosis as well as for anti-cancers. Identification of
aberrant glycosylation or glycans can be achieved by specific carbohydrate-binding proteins like
lectins. Lectins, especially fucose-specific lectins, due to their sugar recognition property have
been commonly used to monitor changes in fucosylation of plasma glycoproteins, such as AFP,
the most reliable and widely used tumor marker for the diagnosis of hepatocellular carcinoma.
Enzyme-linked immunosorbent assay (ELISA) employing an anti-AFP antibody and a fucose-
specific lectin is a powerful tool for quantifying elevated levels of aberrantly glycosylated AFP
in the serum, for clinical purposes (8, 9). Hence, fucose-specific lectins such as Lens culinaris
agglutinin (LCA) and Aspergillus oryzae lectin (AOL) and Cephalosporium curvulum (CSL) are
gaining clinical significance (10). Recently, we described a fucose-specific lectin from
pathogenic fungus Aspergillus niger, ANL, with specificity towards L-fucose, fetuin, asialofetuin

and porcine gastric mucin (11). ANL showed potent growth inhibitory activity on human PANC-
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1 pancreatic epithelial cancer cells (11), known to overexpress fucose and Lewis antigens on
secreted mucins and on cell-surface N-glycans (12,13). Considering these results, and the
specificity of ANL towards L-fucose and cancer-related mucins, also shown to be highly
expressed in hepatocellular carcinoma (HCC) and colorectal cancer (CRC) (5), this prompted us
in the present study to evaluate the interaction and activity of ANL on HepG2 and HT-29 cancer
cell-lines. ANL shows strong binding to both these cell-lines and exerts significant anti-cancer
activity, enhancing cytotoxicity via arrest of the cell cycle, increasing ROS and there by
activating cellular apoptosis involving the intrinsic pathway leading to cell death. ANL also
shows differential binding to normal and cancerous colon tissues and is an effective tool in
detecting tumour marker AFP in patient serum, with significantly higher sensitivity compared to
LCA, a well-known currently used fucose-specific lectin. Hence, ANL has promising clinical

potential in cancer diagnostics.

2. Materials and Methods

For cell culture, Dulbecco's Modified Eagle’s Medium (DMEM) and foetal bovine serum (FBS)
were obtained from Gibco Invitrogen (Paisley, UK), with Costar 96-well plates obtained from
Corning Incorporate (Corning NY, USA). Bovine serum albumin (BSA), 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) and 3,3,5,5'-
Tetramethylbenzidine (TMB) were all obtained from Sigma Chemical Co. (St. Louis MO, USA).
Propidium iodide (PI) was procured from ThermoFisher Scientific Inc. (Waltham MA, USA),
The Annexin V/PI apoptosis detection kit was from Biovision (Milpitas CA, USA) and DCFDA

(2', 7'-dichlorofluorescein diacetate) cellular reactive oxygen species (ROS) detection assay kit
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was obtained from Abcam (Cambridge, UK). Radioimmunoprecipitation assay (RIPA) lysis
buffer was purchased from Roche Life Sciences (0724843100, Switzerland), protease inhibitors
from Calbiochem (Darmstadt, Germany) and polyvinylidene difluoride (PVDF) membrane from
Millipore (Darmstadt, Germany). Antibodies to caspase-8 (catalogue # PA1-29159) was from
ThermoScientific (Rockford, USA), caspase-9 (# SC-133109) from Santa Cruz (Dallas TX,
USA), caspase-3 (# 9668S) and Poly (ADP-ribose) polymerase (PARP-1) (# 9542S) were from
Cell Signaling Technology (Danvers MA, USA), cytochrome ¢ (# 2119-1) was from Epitomics
(Burlingame CA, USA). The anti-human pB-actin antibody was procured from Santa Cruz.
Chemiluminescence, Clarity Western ECL substrate kit was obtained from Bio-Rad (Hercules
CA, USA) and X-ray film was obtained from Kodak. AFP and mouse anti-human AFP
monoclonal antibody (MBS311557) were purchased from MyBioSource Inc. (San Diego CA,
USA). Fucose-binding lectins LCA and AOL were obtained from Vector labs, USA and TCI

Japan respectively. All other reagents used were of analytical grade.

2.1 Patient serum samples

Peripheral blood samples from HCC patients and healthy volunteers were collected with prior
ethical committee approval (reference number - KCTRI-EC-01/2017) from the Karnatak Cancer

Therapy and Research Institute, Padmashree Dr. R. B. Patil Hospital, Hubli, Karnataka, India.

2.2 Purification of ANL

Purification of ANL from mycelial mat was carried out as previously described using mucin-
Sepharose 4B affinity column chromatography (11). Conjugation of ANL to FITC was
performed as described by Goldman, 1968 (14). Briefly, ANL (5 pg/mL) was incubated with

5
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FITC at 25 pg/mL of protein in carbonate buffer (0.05M, pH 9.5) with gentle stirring overnight
at 4°C. Excess, unbound FITC was removed by extensive dialysis against phosphate-buffered

saline (PBS) pH 7.3, and FITC-conjugated ANL was stored at 4°C until further use.

2.3 Cell culture

The human hepatocellular carcinoma HepG2 (ATCC# HB-8065) and colon epithelial cancer HT-
29 (ATCC# HTB-38) cell lines were procured from American Type Culture Collection (ATCC;
Rockville MD, USA) and maintained in DMEM supplemented with 10% v/v foetal calf serum
(FCS), 1 mM glutamine, 1 mM sodium pyruvate, 100 mg/mL streptomycin and 100 U/mL

penicillin, at 37°C in 5% CO, and 95% humidified air.

2.4 Binding studies of ANL with cancer cells as assessed by flow cytometry

HepG2 and HT-29 cells (0.2 x 10°) were each incubated with 3% w/v BSA to block non-specific
sites (1h) and then stained with FITC-conjugated ANL (2 pg) for 1h at 4°C. Carbohydrate-
mediated binding was analyzed by pre-incubating the FITC-ANL with 100 g/mL of competing
L-fucose and porcine mucin for 1h at 37°C before cell staining. Data was acquired for 10,000
events using a FC500 flow cytometer (Beckman Coulter), and were analyzed using CXPAnalysis

software version 2.2. Unstained cells processed similarly were used as a negative control.

2.5 Lectin histochemistry using biotinylated ANL

Biotin-conjugated ANL (5 pg/mL), prepared as described by Boland, 1991 (15), was used for

lectin histochemistry. Human CRC (primary and metastatic) and normal tissue samples (patients

6
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without organic disease) were obtained from S. L. Raheja Hospital (Mumbai, India) with prior
ethical committee approval (IRB No0.08/2009). Tissues obtained during surgery or following
colonoscopic polypectomy, were fixed in buffered formalin and embedded in paraffin wax for
routine pathological examination. For lectin histochemistry, 5 um sections were prepared after
the pathological diagnosis was confirmed: Normal, primary and metastatic cancer tissues
sections were used. Binding of biotinylated-ANL was evaluated using Streptavidin-horseradish

peroxidase DAB system through optical analysis.

2.6 Assessment of ANL on HepG2 and HT-29 cell viability

To study the cytotoxic/anti-proliferative action of ANL on cancer cells, HepG2 and HT-29 cells
were seeded in 96-well plates (density 5 x 10* cells/mL) and grown in complete medium for 24h
prior to lectin treatment. Medium was removed and replaced with serum-free DMEM for 48h,
then treated with ANL at different concentrations (0.15-20 pg/mL) and maintained in humidified
atmosphere (37°C, 5% CO,) for 24h and 48h. At each time point, 50 pL of MTT (5 mg/mL) was
added to each well followed by lysis with 100 pL dimethyl sulfoxide (DMSO). To observe
effects of competing glycan, ANL (5 pg/mL) was pre-incubated for 1h with 100 pg/mL of L-
fucose or mucin from porcine, before addition to cells, and processed at 24h and 48h as
mentioned above. Cell viability was quantified by measuring absorbance at 570 nm using a
micro-plate reading spectrophotometer. Percentage viable cell number was calculated, by

comparing to untreated controls, considered as 100%.

2.7 Activity of ANL on the cell cycle
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To evaluate the effect of ANL on cell cycle regulation, HepG2 cells were treated with or without
ANL (1.25 pg/mL) for 24h and 48h. Cells were harvested after gentle trypsinization (30
seconds), washed with sterile PBS and fixed in ice-cold 70% v/v ethanol for 30 min, at 4 °C.
Following fixation, cells were washed again in PBS and treated with 50 pL DNase-free
Ribonuclease A (5 mg/mL in PBS) for 10 min at room temperature. Cells were then stained with
450 uL PI (50 w/mL PBS) for 2h in the dark. DNA content was analyzed on FL-2 channel of
flow cytometer (Beckman Coulter FC500). Data was analyzed using Cell Quest Pro software

(BD Biosciences) for distribution of cells in different phases of the cell cycle.

2.8 Assessment of ANL-mediated cellular apoptosis

To determine the effect and signaling mechanism involved in ANL-mediated cytotoxicity of
HepG2 and HT-29 cancer cells, FITC-annexin V staining was used to monitor for
phosphatidylserine externalization, a characteristic feature of cellular apoptosis. Cells treated
with ANL (as described above) were harvested by gentle trypsinization and resuspended in
binding buffer from the Biovision Annexin V/PI kit. Briefly, cells were incubated with 5 uL
FITC-Annexin V and 5 pL PI for 15 min at 37°C in the dark, before analysis by flow cytometry.
The percentage of cells positive for Annexin V, PI alone and both Annexin V and PI were

calculated by dot plot analysis using CXP analysis software version 2.2, Beckman Couter).

2.9 Determination of ANL-activated release of reactive oxygen species (ROS)
To determine the release of intracellular ROS in HepG2 cells following lectin treatment, a
cellular ROS detection assay kit was used utilizing the cell permeant fluorogenic dye 2', 7'-

dichlorofluorescin diacetate (DCFDA). which is deacetylated by intracellular esterases to a
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nonfluorescent compound, and in the presence of ROS is oxidized to a highly fluorescent
compound 2’, 7'-dichlorofluorescein (DCF). Cells (2 x 10* cells/treatment) in incomplete or
serum free DMEM (plain DMEM) were incubated with DCFDA (50 ng/mL) for 30 min and then
treated with ANL (ICsy) for 4h in dark, at 37°C. Fluorescence data was acquired using a Tecan
Infinite 200 microplate reader (Tecan; Ménnedorf, Switzerland) with excitation and emission
wavelengths of 495 nm and 529 nm, respectively. Cells treated with ROS-inducing tert-butyl
hydroperoxide (tBHP, at 50uM and PBS alone served as positive and negative controls,

respectively.

2.10 Determination of ANL-induced change in mitochondrial membrane potential (MMP)

HepG2 cells (0.2 x 10 cells/mL) were grown on cover slips in complete DMEM medium for 48h
and were treated with ANL 1.25ug/ml (ICsy) for 48h in serum-free media. Cells were washed
with PBS and stained with a cell permeant dye that accumulates within active mitochondria,
tetramethyl-rhodamine methyl ester (TMRM). ANL-induced changes in MMP of the treated
cells was observed using a Motic BA410 fluorescence microscope (400X magnification),

photographed, and images compared to untreated control.

2.11 Immunoblot analysis to delineate ANL-induced signaling pathways

To delineate the signaling mechanism involved in ANL-induced apoptosis, HepG2 cells were
treated with ANL (1.25 pg/mL) for different time intervals, up to 48h. Following treatment, cells
were lysed in RIPA buffer, 2 mM EDTA, protease inhibitor cocktail; and total protein 60ug per
each well was electrophoresed on SDS—polyacrylamide gels (12%) and then blotted to PVDF

membrane. Membranes were blocked with 5% w/v BSA in PBS, and then probed with primary

http://mc.manuscriptcentral.com/cbf
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antibodies to caspase-8, -9, acaspase-3, cytochrome ¢ and PARP-1 for 1h at room temperature,
followed by incubation of species-specific HRP-conjugated secondary antibodies for 1h. Blots
were washed and processed using the Clarity Western ECL substrate kit, with
chemiluminescence signals recorded on X-ray film. Antibody detection of B-actin was used as a

loading control to normalize changes in levels of other proteins detected.

2.12 Lectin sandwich ELISA using ANL and anti-AFP detection antibody

To evaluate clinical diagnostic potential of ANL in detection of tumour-associated, fucosylated
serum proteins, 96-well high-binding, enzyme-linked immunosorbent assay (ELISA) plates were
coated with ANL (5 pg/well) followed by overnight incubation at 4°C, the plate was washed
thrice with 0.05% v/v Tween 20 in PBS (PBST) for 3 min each. Unbound sites were blocked
with 3% w/v BSA in PBS, at 37°C for 1h. After washing, a calibration curve using different
concentrations of AFP (5, 10, 20, 40, 80, 100, 200 and 400 ng/ml) dissolved in 50 uL. PBS and
50 pul normal serum from healthy human volunteers was generated applied to each well of the
microtiter plate, or a 1:10 dilution of serum samples from HCC patients and normal healthy
volunteers (two of each) were added. After incubation at 37°C for 1h, the plate was washed, and
50 pL of anti-human AFP antibody (1:1000 dilution) in 1% w/v BSA in PBST were added. After
incubation at 37°C for 1h, the plates were washed and then species-specific HRP-conjugated
secondary antibody against AFP-antibody was added. After incubation at 37°C for 1h, the plate
was washed and then 100 pL of freshly prepared TMB substrate was added. After incubation for
15 min in dark, the enzymatic reaction was stopped by adding 25uLlL of 5N sulphuric acid and
read at optical density (OD) 450 nm. Commercially available fucose-binding lectins LCA and

AOL were used as positive controls. To validate carbohydrate-dependent interaction of ANL,

10
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AOL and LCA to AFP, each lectin was pre-incubated with competing fucose and mucin (100

pg/mL) prior to addition of AFP. All the experiments were performed in duplicate.

2.13 Statistical analysis
Results were expressed as mean = SD. Statistical comparisons were performed using the
Student’s t-test in order to determine statistical significance. Microsoft Excel was used to

perform statistical analysis.

3. Results

3.1 ANL and AOL strongly bind to HepG2 and HT-29 cells

Interaction with HepG2 and HT-29 cells was determined by staining cells with FITC-conjugated
lectins followed by flow cytometric analysis. A total of 93.49% HepG2 cells showed positive
staining for ANL and 90.32% for AOL (with mean fluorescence intensity (MFI) of 183 and 153
compared to unstained cells; MFI of 3.12 for ANL and 2.4 for AOL, respectively); see Figure 1.
Carbohydrate-dependent interaction of both ANL and AOL to HepG2 cells was determined
using competing sugars/glycoconjugates, which resulted in significant reduction in cell-surface
binding of each lectin. For HepG2 cells stained with FITC-ANL, MFI decreased to 24.8 and 133
in presence of L-fucose and mucin, respectively; similar decreases were also seen in FITC-AOL
interaction with L-fucose and mucin pre-treatment, with MFI of 35 and 85 respectively (Figure

1). For both lectins, L-fucose was seen to be the most effective inhibitor.

For HT-29 cells, a total of 75.63% stained positive for FITC-conjugated ANL and 63.5% for

FITC-AOL (with MFI of 90.5 and 76.6 for ANL and AOL, compared to unstained cells with

11
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MEFTI of 30 and 32 respectively); (Figure 2). MFI decreased to 45.2 and 38.2 for HT-29 cells

stained with ANL and AOL when pre-incubated with mucin (Figure 2)

3.2 ANL and AOL inhibit the growth of HepG2 and HT-29 cells

Fucose-binding lectins ANL and AOL both significantly inhibited growth of HepG2 and HT-29
cells in a dose- and time-dependent manner (Figure 3). Maximum reduction in cell viability was
seen at 20 ug/mL lectin over 48h, with ANL and AOL inhibiting cellular growth of HepG2 cells
by 89.5 + 0.02 % and 85.6 = 0.05 %, respectively). Similarly, both ANL and AOL inhibited
growth of HT-29 cells at 48h by 85.2 £ 0.06% and 80.6 + 0.04%, respectively. In presence of
competing mucin glycoprotein, the ANL-and AOL-induced growth inhibitory effect on HepG2
cells (at 5 pg/mL) was effectively blocked by 79.65 £+ 0.09% and 82.97 +0.03% respectively;
(Figure 3). ICsy value of ANL for HepG2 cells was found to be 1.25ug/ml at 48 h. Likewise,
ANL and AOL-induced inhibition of growth observed for HT-29 cells was also effectively
blocked by 74.65+0.05% and 79.97+0.01% respectively in presence of mucin (Figure 3). 1Csg
value of ANL for HT-29 cells was found to be 2.5ug/ml at 48 h. These results show that ANL
and AOL inhibit the growth of liver and colon cancer cells by interaction with cell-surface

glycans.

3.3 ANL increases hypodiploidy and decreases the G¢/G; population in HepG2 cells

HepG2 cells, treated with ANL ICsy (1.25 pg/mL) for 24h and 48h, were stained with PI and
subjected to flow cytometry, so as to determine the distribution of cells at different phases of the
cell cycle and the percentage of cells undergoing apoptosis. Treatment of HepG2 cells with ANL

for 24h increased the hypodiploid cell population by 8.4% compared to 1.3% in the untreated

12
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control cell population; at 48h, this rose to 16.5% compared to 2.8%, respectively (Figure 4).
Concomitant decreases were observed in the Go/G; and G,/M cell populations at 24h and 48h

time points following ANL treatment, compared to untreated controls (Figure 4 and Table 1).

3.4 ANL induces apoptosis in HepG2 and HT-29 cells

To assess whether the observed growth inhibitory effect of ANL on HepG2 and HT-29 cells was
due to induction of apoptosis, cells were analysed for phosphatidylserine externalization by
staining with Annexin V/PI. ANL with ICsy of 1.25 ug/ml, 2.5 pg/ml for HepG2 and HT-29
respectively treated cells showed 12.1% (for HepG2) and 24.6% (HT-29) of the cell population
were in the early phase of apoptosis at 24h, and 24.6% (HepG2) and 28.8% (HT-29) at 48h,
compared to untreated control cells (0.2% and 7.5% for HepG2 and 7.9% and 12.1% for HT-29,
at 24h and 48h respectively); Furthermore, ANL treatment also increased numbers of cells in the
late apoptotic phase, with HepG2 cells by 2.4% and 8.0% (at 24h and 48h) compared to
untreated controls (0.1% and 6.3%); and similarly, for HT-29 3.6% and 5.1% (at 24h and 48h)
compared to control (1.9% and 2.1%, respectively); see Figure 5 and Table 2. Significant
increases in early and late apoptotic population supports induction of apoptosis in both HepG2

and HT-29 cells by ANL.

3.5 ANL increases cellular ROS levels and induces apoptosis involving intrinsic apoptotic
pathway in HepG2 cells

An increase in level of ROS is a sign of apoptosis induction through oxidative stress or DNA
damage. Treatment of HepG2 cells with ANL for 4h resulted in increased generation of ROS by

22.67 = 0.06 (mean = SD) and 28.67+ 0.01 -fold, at doses of 2 and 4 pg/ml lectin, respectively
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indicating elevated levels of cellular oxidative stress (Figure 6A). Loss of mitochondrial
membrane potential (MMP) followed by the release of apoptotic factors, release of cytochrome ¢
and loss of oxidative phosphorylation indicate an induction of apoptosis. HepG2 cells treated
with ANL (1.25 pg/mL (ICs), for 48h) showed characteristic depolarization of mitochondrial
membrane as revealed by microscopy, with significant decrease in fluorescence observed in
ANL-treated cells indicating loss of MMP, compared to untreated control cells which showed

intact mitochondria with strong bright red-orange fluorescence signal (Figure 6B).

To delineate the mechanism of ANL-induced apoptosis in HepG2 cells, effects of ANL on
activation of initiator caspases-8, - 9 and effector caspase-3 were measured. A time-dependent
increase in active caspase-9, active caspase-3 was observed (Figure 6C). There was also time-
dependent increase in levels of cytochrome ¢ by ANL. No detection of caspase-8 was seen.
Taken together, these results imply that ANL induces an increase in cellular ROS, loss of MMP
and induction of cellular apoptosis involving the intrinsic apoptotic pathway in HepG2 cells.
ANL also induced the increase in expression of active caspase-3 in HT-29 cells (data not

presented as supplementary data) indicating apoptotic effects on these cells.

3.6 ANL shows differential binding to human colon cancer and normal tissues

In order to test the diagnostic potential of ANL, lectin histochemistry was performed with
normal colonic tissue, and primary and metastatic human colon cancer tissues using biotinylated
ANL. ANL showed strong binding to both primary and metastatic colon cancerous tissues and
no binding to normal colon tissues; see Figure 7. The differential binding of ANL to normal and

primary, metastatic cancer tissues reveals the potential of ANL as possible diagnostic tool.
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3.7 Sandwich ELISA using ANL and anti-AFP antibody

In order to further evaluate the diagnostic potential of ANL, serum samples collected from
normal and HCC patients were tested by using a lectin sandwich ELISA to capture and then
quantify AFP in serum, using ANL and an anti-human AFP antibody (see Figure 8). A dose-
dependent linear increase in absorbance was observed for standard AFP dissolved either in PBS
(Figure 8.A) or in serum (10%) from healthy volunteers (Figure 8.B) using ANL as the capture
lectin. Similar results were obtained using two other fucose-binding lectins, LCA and AOL
coated to the ELISA plates. Very low levels of AFP were captured by all three fucose-binding
lectins in the normal serum samples (as indicated by low absorbance values), whereas HCC
patients samples showed significantly higher levels of AFP in serum; see Figure 8. A-B.
Carbohydrate-dependent binding of ANL, LCA and AOL to AFP was validated by pre-
incubation with competing L-fucose or mucin (at 10pug/mL) prior to addition of APF in the
assay. There was a significant inhibition in lectin binding to AFP by 99% and 95% for ANL,
88.5% and 82% for LCA, and by 97% and 91% for AOL (Figure 8. C-E) when pre-incubated
with L-fucose and mucin respectively; These encouraging results indicate that the lectin-
antibody sandwich ELISA using ANL is effective in detecting elevated levels of fucosylated-

AFP in patient cancer serum samples.

5. Discussion
Here we studied the L-fucose-specific lectin from Aspergillus niger, ANL, to evaluate its anti-

cancer properties and diagnostic potential for liver and gastrointestinal cancers. The study
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demonstrates that ANL exerts remarkable growth inhibitory effects on human hepatocellular
carcinoma cells and colon cancer epithelial cancer cells in a dose- and time-dependent manner.
The observed growth inhibitory effect of ANL is due to induction of apoptosis through the
intrinsic pathway, thereby supporting its anti-cancer potential. ANL differentially binds to
normal and cancerous tissues, and can be utilized to provide sensitive detection of AFP,
comparable to LCA, in normal and HCC serum samples, thus demonstrating its diagnostic

potential.

Lectins in general, and in particular fucose-specific lectins, have been shown to play an
important role in identifying aberrant glycosylation that occurs in pathological conditions, such
as in inflammation and cancer, and hence are studied for potential clinical applications (5).
Lectins, from both plants and fungi, are known to induce proliferative/anti-proliferative effects in
vitro upon binding to many types of human cancer cells (16). As previously reported, ANL
strongly binding to PANC-1 cells here we report ANL strongly binds to HepG2 and HT-29 cells.
The surface binding and population growth inhibitory effect of ANL on HepG2 and HT-29 cells
which can be effectively blocked by L-fucose and mucin suggesting involvement of cell-surface
glycans in binding and consequent inhibition of cell proliferation. Induction of apoptosis by ANL
was demonstrated by increase in the hypodiploid cell population, elevated annexin-V positivity,
followed by immunoblot analysis identifying key caspases regulating cell death (17), particularly
elevation of levels of apoptosis initiator caspase 9 and activation of caspase 3. Lectins in general
are known to induce cell cycle arrest at either Go/Gy, S, or Go/M phases, or in combination, to
induce apoptosis. A noted example is the mitogenic fungal lectin RBL, from Rhizoctonia
bataticola, which arrests cell growth of the human metastatic colon cancer cell-line SW620,

increasing the number sub-G; hypodiploid cells within the population in a time-dependent
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manner — a typical marker of apoptosis (18, 19). RBL also induces apoptosis in SW620 cells by
production of excess ROS which leads to nuclear degradation (18). In the present study, ANL
shows similar action, increasing the hypodiploid population in HepG2 cells and concomitant
reduction in G¢/Gy, S and G,/M phases, suggesting induction of apoptosis at particular phases of
the cell cycle. Annexin-V-FITC and PI double-staining of ANL-treated HepG2 and HT-29 cells
showed increases in the early and late apoptotic cell populations in a time dependent manner.
Other fucose-binding lectins affect many physiological activities like induction of autophagy,
apoptosis, or necrosis, in different cell-lines (20). Dicentrarchus labrax fucose-binding lectin
(DIFBL) similarly induces apoptosis in liver cancer cell-lines Hep3B and BEL-7404, in A549
lung cancer cells, and in the colorectal carcinoma cell-line SW480 (20). In comparison with
these lectins, ANL also induced apoptosis indicating its high potency. Recently we have reported
a similar effect with core fucose specific lectin CSL another mitogenic lectin form
Cephalosporium curvulum a pathogenic fungus knowing for causing mycotic keratitis possibly

through intrinsic apoptotic pathway in PANC-1 and HepG?2 cells (10).

Increased level of ROS plays an important role in induction of apoptosis through oxidative stress
or DNA damage (21), with ROS released by, or targeting, mitochondria, promoting cytochrome
c release that triggers caspase activation (22). Currently, popular anti-cancer drugs like
adriamycin, epirubicin, and daunomycin being used to treat many types of cancer are known to
induce apoptosis and exert anti-tumour effects through the generation of ROS, leading to loss in
MMP (23). We showed here that ANL can increase ROS production and decrease MMP in
HepG2 cells, which likely indicates activation of the intrinsic apoptotic pathway. Other lectins,
well known for their anti-cancer actions, are also reported to induce the intrinsic pathway of

apoptosis through the production of ROS leading to change in MMP. The mannose-specific
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lectin Concanavalin A (ConA) has been shown to induce caspase-dependent apoptosis in human
melanoma A375 cells by increasing cytochrome c levels, with subsequent stimulation of
caspase-9 and activation of caspase-3 levels — all indicative of mitochondrial-mediated apoptosis
(16). ConA binds to the cell surface membrane and induces autophagy in the hepatoma cell-line
ML-1 by preferentially accumulating in mitochondria, subsequently leading to a change in MMP
(24). Cell death is an important phenomenon that involves participation of different effector
caspases, which can execute either intrinsic or extrinsic pathways (17,25). Signals like ROS and
cytochrome ¢ are known apoptotic factors, which within the mitochondria trigger the intrinsic
apoptotic pathway via activation of initiator caspase-9 (26). ANL clearly activates caspase-9, and
not the extrinsic apoptosis pathway initiator caspase-8, followed by cleavage of executioner

caspase-3, suggesting involvement of intrinsic caspase dependent apoptotic pathway.

Fucose-specific lectins have shown to play an important role in identifying aberrant fucosylation
in pathological conditions, such as cancer (5). AFP is an important serum glycoprotein which is
aberrantly glycosylated and secreted by hepatocellular carcinomas (27-29). Hence AFP is the
most reliable widely used tumor marker for the diagnosis of HCC. High serum levels of AFP of

more than 20 ng/mL can be directly related to high risk for HCC (30, 31).

A well-known fucose-binding lectin from the Orange peel fungus Aleuria aurantia (AAL),
recently bioengineered as a monomeric form AAL-S2 with high affinity towards al—6
fucosylated (core-fucosylated) glycans (32), was used to construct a reverse-lectin ELISA
method to support identification of aberrantly fucosylated alpha-1 acid glycoprotein in the serum
of HCC patients (33). Immuno-histochemical studies revealed its diagnostic potential by
differentially binding to normal and metastatic cancerous tissues (34). We have recently shown

that a lectin sandwich ELISA using CSL (10), a core fucose-specific lectin from Cephalosporium
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curvulum, is effective also in detecting aberrantly fucosylated AFP in the serum of cancer
patients when compared to another fucose-binding lectin from Lens culinaris, LCA (10). As
fucose-specific lectins are known for their role in identifying aberrant fucosylation of
glycoproteins in cancer, ANL was studied here to quantify the AFP levels in the serum samples
of normal and HCC patients. Our lectin-ELISA results show clearly that ANL can identify AFP
as low as 5 ng demonstrating its high sensitivity, comparable with LCA, a fucose-specific lectin

currently used for detecting AFP levels in HCC diagnosis (35).

In conclusion, fucose-specific lectin ANL inhibits cell proliferation and induces apoptosis, in
gastrointestinal HepG2 and HT-29 cancer cells. This activity could be effectively blocked by
competing L-fucose and fucosylated glycans on mucin. ANL induces cellular apoptosis by
production of ROS, change in MMP involving activation of caspases-9 and caspase-3 suggesting
involvement of intrinsic apoptotic pathway. ANL has diagnostic potential as revealed by our data
using an ANL-anti AFP antibody sandwich ELISA and ANL-histochemistry using colon cancer
tissue samples. In conclusion, the present study indicates the potential of ANL in hepatic and

colon cancer research both for its anti-cancer effect as well as for diagnostic purposes.
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Table 1: Effect of the fucose-specific Aspergillus niger lectin (ANL) on different phases of

cell cycle in HepG2 hepatocellular carcinoma cells.

Percentage of cells in different phases

Phase of the cell cycle 24h 48h
Control ANL* Control ANL"*
Hypodiploid 1.3 8.4 2.8 16.5
Go/G 68.2 67.4 72.3 62.1
S 10.4 7.5 8.9 7.5
G,/M 18.9 13.7 14.8 11.6

*ANL treatment (1.25 pg/mL)
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Table 2: Annexin V-PI staining of Aspergillus niger lectin (ANL)-treated HepG2 and HT-29

cells
HepG2 cells HT-29 cells
Phase 24h 48h 24h 48h
Control ANL* | Control ANL"| Control ANL"™ | Control ANL™

Normal 99.1 83.6 82.4 66.2 88.6 70.3 84.3 65.7
Necrotic 0.6 1.9 3.9 1.2 1.6 0.9 1.5 0.5
Early apoptotic 0.2 12.1 7.5 24.6 7.9 25.2 12.1 28.8
Late apoptotic 0.1 2.4 6.3 8.0 1.9 3.6 2.1 5.1

*ANL treatment ( 1.25 pg/mL)

** ANL treatment ( 2.5 pg/mL)

Figure Legends

Figure 1. Fucose-binding lectins ANL and AOL strongly bind to HepG2 cells. Human
hepatocellular carcinoma HepG2 cells were incubated with either FITC-conjugated ANL (A1) or
AOL (B1) in absence (red line) or presence of competing sugar (L-fucose; blue line) or
glycoconjugate (mucin; pink line). Binding was analysed by flow cytometry; with cells untreated
with lectin indicated (black line). The overlays are representative data with X-axis and Y-axis
expressed as mean fluorescence intensity (MFI) and cell count, respectively. Panels A2 (ANL)
and B2 (AOL) represent inhibition of binding (MFI) in presence or absence of competing L-
fucose (blue bar) or mucin (pink bar) compared to FITC-conjugated lectin alone. (red bar).

Figure 2. ANL and AOL strongly bind to HT-29 cells. Human colonic adenocarcinoma HT-29

cells were incubated with FITC-labeled ANL (A1) or AOL (B1) in absence (blue line) or in
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presence of competing mucin (pink line). Binding was analyzed by flow cytometry; with cells
untreated with lectin indicated (black line). The overlays are representative data with X-axis and
Y-axis representing fluorescent intensity and cell count, respectively. Panels A2 (ANL) and B2
(AOL) represent inhibition of binding (MFI) in presence or absence of competing mucin (pink

bar) compared to FITC-conjugated lectin alone (blue bar).

Figure 3. ANL and AOL inhibit growth of HepG2 and HT-29 cells. Both fucose-binding
lectins ANL and AOL decreased cell viability/numbers of HepG2 and HT-29 cells over 24h and
48h, as assessed by MTT assay. Data is expressed as % cell viability compared to untreated
controls (100%). Mucin (M), at 100 pg/mL, effectively blocked ANL or AOL lectin (L)-
mediated inhibition of growth (at 5 pg/mL). Data expressed as mean + SD of three independent

experiments.

Figure 4. ANL increases hypodiploidy and decreases G¢/G; population in HepG2 cells.
HepG2 cells were incubated with or without ANL (1.25 pg/mL) for either 24h or 48h. Cells were
stained with propidium iodide (PI) and data acquired on the FL3 channel of the flow cytometer.

B, C, D, and E represent the hypodiploid (apoptotic), Go/Gy, S, and G/M phases, respectively.

Figure 5. ANL induces apoptosis in HepG2 and HT-29 cells. HepG2 (A) and HT29 (B) cells
were analysed by Annexin V/propidium iodide (PI) staining using flow cytometry. ANL (1.25
png/mL) induced apoptosis in HepG2 cells (A.1) and HT-29 cells (B.1). The X-axis depicts
Annexin V positive cells, and the Y-axis depicts Pl-positive cells. A1, A2, A3 and A4 quadrants

represent the necrotic, late apoptotic, normal and early apoptotic cell populations respectively,
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with numbers indicating the percentage number of viable, early apoptotic, late apoptotic, and
necrotic cells that are present in the respective quadrants. Percentage of the cell populations in

different areas are summarised in (A.2) and (B.2).

Figure 6. ANL induces oxidative stress, alters mitochondrial membrane potential and
induces apoptosis in HepG2 cells. (A) Intracellular production of ROS was measured using a
cell permeant fluorogenic dye 2', 7'- dichlorofluorescin diacetate (DCFDA) and fluorescence was
measured by microplate reader. (B) Mitochondrial membrane potential (MMP) was measured
using tetramethyl-rhodamine methyl ester (TMRM) and fluorescence microscopy. TMRM
accumulates within active mitochondria of control cells (left hand panel), with ANL-inducing
depolarization of mitochondrial membrane as indicated by a decrease in fluorescence (right hand
panel). (C) Immunoblot analysis of activation of intrinsic apoptotic pathway in HepG2 cells
treated with ANL (ICsy) over 48h, indicating increased levels of caspase-3 and -9, cytochrome ¢

and PARP-1. B-actin was used as loading control.

Figure 7. ANL shows differential binding to human colon cancer and normal tissues

Differential binding of ANL to normal and cancerous human colon tissues: ANL shows no
binding to normal human colon tissues (A) but strong binding to primary cancer (B) and
metastatic colon (C) tissues. Representative images are presented. All the images were obtained
with 400X magnification. “Arrows” point to ANL binding to apical surface of the secretory

gland epithelia.
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Figure 8. Sandwich ELISA using ANL and anti-AFP antibody: AFP was added in varying
concentrations dissolved in PBS (A) dissolved in normal serum (B) for the standard calibration
curve, and in another set the normal and HCC patient serum samples diluted 1:50 in PBS. Bound
AFP antibodies were detected using HRP-conjugated secondary antibody. Absorbance was read
at 450 nm. Competitive inhibition of ANL (C), LCA (D) and AOL (E) within the ELISA by
competing sugar L-fucose or mucin. Both L-fucose and mucin reduced the binding of lectins to

AFP (as determined by significant reduction in absorbance).
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Figure 1. Fucose-binding lectins ANL and AOL strongly bind to HepG2 cells. Human hepatocellular carcinoma
HepG2 cells were incubated with either FITC-conjugated ANL (A1) or AOL (B1) in absence (red line) or
presence of competing sugar (L-fucose; blue line) or glycoconjugate (mucin; pink line). Binding was
analysed by flow cytometry; with cells untreated with lectin indicated (black line). The overlays are
representative data with X-axis and Y-axis expressed as mean fluorescence intensity (MFI) and cell count,
respectively. Panels A2 (ANL) and B2 (AOL) represent inhibition of binding (MFI) in presence or absence of
competing L-fucose (blue bar) or mucin (pink bar) compared to FITC-conjugated lectin alone. (red bar).
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Figure 2. ANL and AOL strongly bind to HT-29 cells. Human colonic adenocarcinoma HT-29 cells were
incubated with FITC-labeled ANL (A1) or AOL (B1) in absence (blue line) or in presence of competing mucin
(pink line). Binding was analyzed by flow cytometry; with cells untreated with lectin indicated (black line).
The overlays are representative data with X-axis and Y-axis representing fluorescent intensity and cell
count, respectively. Panels A2 (ANL) and B2 (AOL) represent inhibition of binding (MFI) in presence or
absence of competing mucin (pink bar) compared to FITC-conjugated lectin alone (blue bar).
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Figure 3. ANL and AOL inhibit growth of HepG2 and HT-29 cells. Both fucose-binding lectins ANL and AOL

decreased cell viability/numbers of HepG2 and HT-29 cells over 24h and 48h, as assessed by MTT assay.

Data is expressed as % cell viability compared to untreated controls (100%). Mucin (M), at 100 pg/mL,

effectively blocked ANL or AOL lectin (L)-mediated inhibition of growth (at 5 pg/mL). Data expressed as
mean * SD of three independent experiments.
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Figure 4. ANL increases hypodiploidy and decreases GO/G1 population in HepG2 cells. HepG2 cells were
incubated with or without ANL (1.25 pg/mL) for either 24h or 48h. Cells were stained with propidium iodide
(PI) and data acquired on the FL3 channel of the flow cytometer. B, C, D, and E represent the hypodiploid
(apoptotic), GO/G1, S, and G2/M phases, respectively.
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Figure 5. ANL induces apoptosis in HepG2 and HT-29 cells. HepG2 (A) and HT29 (B) cells were analysed by
Annexin V/propidium iodide (PI) staining using flow cytometry. ANL (1.25 pg/mL) induced apoptosis in
HepG2 cells (A.1) and HT-29 cells (B.1). The X-axis depicts Annexin V positive cells, and the Y-axis depicts
PI-positive cells. A1, A2, A3 and A4 quadrants represent the necrotic, late apoptotic, normal and early
apoptotic cell populations respectively, with numbers indicating the percentage number of viable, early
apoptotic, late apoptotic, and necrotic cells that are present in the respective quadrants. Percentage of the
cell populations in different areas are summarised in (A.2) and (B.2).
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32 Figure 6. ANL induces oxidative stress, alters mitochondrial membrane potential and induces apoptosis in
HepG2 cells. (A) Intracellular production of ROS was measured using a cell permeant fluorogenic dye 2’, 7'-
dichlorofluorescin diacetate (DCFDA) and fluorescence was measured by microplate reader. (B)

34 Mitochondrial membrane potential (MMP) was measured using tetramethyl-rhodamine methyl ester (TMRM)
35 and fluorescence microscopy. TMRM accumulates within active mitochondria of control cells (left hand

36 panel), with ANL-inducing depolarization of mitochondrial membrane as indicated by a decrease in

37 fluorescence (right hand panel). (C) Immunoblot analysis of activation of intrinsic apoptotic pathway in
38 HepG2 cells treated with ANL (IC50) over 48h, indicating increased levels of caspase-3 and -9, cytochrome ¢
and PARP-1. B-actin was used as loading control.
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Figure 7. ANL shows differential binding to human colon cancer and normal tissues
Differential binding of ANL to normal and cancerous human colon tissues: ANL shows no binding to normal
human colon tissues (A) but strong binding to primary cancer (B) and metastatic colon (C) tissues.
Representative images are presented. All the images were obtained with 400X magnification. “Arrows” point
to ANL binding to apical surface of the secretory gland epithelia.
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Figure 8. Sandwich ELISA using ANL and anti-AFP antibody: AFP was added in varying concentrations
dissolved in PBS (A) dissolved in normal serum (B) for the standard calibration curve, and in another set the
normal and HCC patient serum samples diluted 1:50 in PBS. Bound AFP antibodies were detected using
34 HRP-conjugated secondary antibody. Absorbance was read at 450 nm. Competitive inhibition of ANL (C),
35 LCA (D) and AOL (E) within the ELISA by competing sugar L-fucose or mucin. Both L-fucose and mucin

36 reduced the binding of lectins to AFP (as determined by significant reduction in absorbance).
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