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Inhibition of Pancreatic Cancer Cells by Different Amyloid
Proteins Reveals an Inverse Relationship between

Neurodegenerative Diseases and Cancer

Yijing Tang, Dong Zhang, Sarah Robinson, and Jie Zheng*

Neurodegenerative diseases and cancers are considered to be two families of
diseases caused by completely opposite cell-death mechanisms: the former
caused by premature cell death, with the latter due to the increased resistance
to cell death. Growing epidemiologic evidence appear to suggest an inverse
correlation between neurodegenerative diseases and cancers. However,
pathological links, particularly from a protein-cell interaction perspective,
between these two families of diseases remains to be proven. Here, a
fundamental study investigates the effects of three amyloid proteins of Ap
(associated with AD), hIAPP (associated with T2D), and hCT (associated with
MTC) on pancreatic cancer (PANC-1) cells. Collective results demonstrate a
general inhibitory activity of all of three amyloid proteins on cancer cell
proliferation, but inhibition efficiencies are strongly dependent on amyloid
sequence (Ag, hlAPP, hCT), concentration (IC25, IC50, IC75), and aggregation
states (monomers, oligomers). Amyloid proteins exhibit two pathways against
cancer cells: amyloid monomer-induced ROS production to inhibit cell growth
and amyloid oligomer-induced membrane disruption to kill cells. Collectively,
the results demonstrate a general inhibition function of amyloid proteins to
induce cancer cell death by preventing cell proliferation, suppressing cell
migration, promoting reactive oxygen species production, and disrupting cell

share some common risk factors, in-
cluding hypoxia, oxidative stress, and
inflammation.[2>%] Particularly, aging, as
the most obvious risk factor, is strongly
correlated with both diseases, which have
significant incidence rates at age 65 or
above. Evidently, it is estimated that there
will be ~81.1 million people of age
65 and older suffering from neurodegen-
erative diseases by 2040,7-1 while al-
most 14 million new cancer cases were
predicted to be diagnosed in patients
of >65-year-old by 2035 worldwide.[1}-14]
A data-driven correction between neu-
rodegenerative diseases and cancers, de-
spite still under debate,'>! shows that
patients with cancer have a 20-50%
lower risk of developing neurodegenera-
tive diseases including Alzheimer’s dis-
ease (AD), Parkinson disease, and Hunt-
ington disease,['®!] while patients with
neurodegenerative diseases have a sig-
nificantly lower incidence of multiple

membranes.

1. Introduction

Neurodegenerative diseases and cancers, at first glance, are con-
sidered as two distinct families of diseases with different disease-
causing mechanisms from genetic, epigenetic, and pathological
evidences. Neurodegenerative diseases are caused by the death
of premature cells, while cancers result from the enhanced resis-
tance to cell death. But, a growing body of epidemiologic studies
suggest certain correlation between the risk of developing can-
cer and a neurodegenerative disorder,'* probably because they
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cancers.['8-22] Specifically, the risk for de-
veloping cancers in AD’s patients was re-
duced by at least 50%, while the risk for
developing AD in cancer patients was re-
duced by 35%.[]

At the protein level, several studies have shown an inverse re-
lationship between disease-causing proteins associated with re-
spective cancers and neurodegenerative diseases. For instance,
amyloid precursor protein (APP) is well-known to be directly in-
volved in the production and transformation of amyloid-g (Ap)
into #-structure-rich amyloid fibrils in brain, which are tightly
associated with the pathogenesis and progression of AD. Mean-
while, APP expression studies also demonstrated the presence
or over-expression of APP in different types of cancer cells, in-
cluding colon, pancreatic, lung, parathyroid, breast, thyroid, and
prostate cancers.[?*?*] Silencing-mediated knockdown of APP re-
duces cancer cell migration and cell growth.[?>] Moreover, Af was
shown to induce mitochondrial dysfunction, cause lamin frag-
mentation in cancer cells, and inhibit angiogenesis in tumors, ¢!
all of which may explain how Ap influences tumorigenesis. On
the other hand, p53 and y-synuclein, as the two major regula-
tors of cancer pathogenesis, were found able to self-aggregate
into conformationally similar amyloid-like fibrils reminiscent of
those in neurodegenerative diseases.I'?*] Some mechanisms in-
cluding Ap metabolism, tau phosphorylation, oxidative stress,
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microbial infection, and neuroinflammation have also been pro-
posed for explaining the bidirectional communication between
AD and certain cancers. Apart from the inversion relationship
between cancer-causing proteins (p53, PIN1) and AD-causing
proteins (Ap, tau), similar molecular cross-talks between tumor-
induced proteins and neurodegenerative disease-induced pro-
teins were also reported. Af has been reported to suppress
the growth of NB4 (associated with human acute promyelo-
cytic leukemia), A549 (associated with human lung cancer) and
MCF-7 (associated with human breast cancer) by disturbing iron
homeostasis and overexpressing ROS production.[2*?’] KLVFF,
a pentapeptide derived from Ap, can spontaneously undergo
self-assembly to form nanofibers with a net-like structure wrap-
ping around tumor cells, which exhibit a great potential for anti-
metastasis therapy in 4T1 breast cancer mice model.l?®] Serum
amyloid A is considered as a useful biomarker for detecting
different cancers including gastric, lung, endometrial, breast,
and prostate cancer.[2*-*3] While the exact links and mechanisms
between neurodegenerative diseases and cancers still remain
largely unknown, the heterotypic interactions between different
disease-related proteins are considered as a pathological risk fac-
tor to mutually cause each disease (this process is known as cross-
seeding), which have been less explored to better understand the
spreading mechanism between neurodegenerative diseases and
cancers.

Considering that both neurodegenerative diseases and can-
cers are aging-related diseases, involved in opposite cell devel-
opment (e.g., cell degeneration in neurodegenerative diseases,
but cell proliferate in cancer, and have an undetermined rela-
tionship between them, here we for the first time investigated
the potential inhibitory effects of amyloid-f (Ap, associated with
AD), human islet amyloid polypeptide (hIAPP, associated with
type II diabetes, T2D), and human calcitonin (hCT, associated
with medullary thyroid carcinoma, MTC) on pancreatic cancer
cells (PANC-1). It is generally accepted that the abnormal aggre-
gation of misfolded amyloid proteins plays a general pathologi-
cal role in cell invasion and cell inflammation, which cause sub-
sequent cell degeneration and dysfunction.>*3¢ From a mech-
anistic viewpoint, amyloid aggregates of different sizes, confor-
mations, and morphologies with characteristic f-rich structures
can be adsorbed on or inserted into cell membranes by forming
transmembrane pores or inducing membrane thinning and cur-
vature, both of which could induce abnormal ion homeostasis
and oxidative damages in membranes.’’~*! Thus, such general
amyloid-induced membrane disruption modes could also be ap-
plicable to cancer cells, as evidenced by a few studies that amy-
loids can disrupt cancer cell membranes via angiogenesis inhibi-
tion, tubulin disassembly, and lamin fragmentation.[**#2] To test
this hypothesis, pancreatic cancer cells were selected, because (1)
pancreatic cancer metastasis is considered as the leading cause of
death, that is, new pancreatic cancer cells are mainly regenerated
by breaking off from the original tumors, enter the bloodstream
or lymph system, and spread to other areas of the body (this pro-
cess is called as cancer metastasis), instead of the infinite self-
proliferation of cancer cells themselves!**] and (2) analysis of
pancreatic cancer cases with and without AD shows a significant
decrease of pancreatic cancer among AD patients by 59% (red
bar, Figure 1), as compared to those without AD,[*~*® indicat-
ing that a possible inversion correlation between AD and pan-
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Figure 1. Comparison of the prevalence of six leading cancers among gen-
eral population (grey bar) and AD patients (red bar).

creatic cancer. Given that amyloid proteins are also present in
bloodstream, cerebrospinal fluid, blood, and peripheral organs
and tissues such as kidneys, liver, and muscle,[*! it raises the
possibilities for amyloid proteins to interact with metastatic pan-
creatic cells at different locations.[*-52]

Pancreatic cancer is one of the most lethal cancers with a
high mortality rate due to the lack of effective treatments. The
underlying molecular mechanisms and the tumor microen-
vironment play critical roles in the progression of pancreatic
cancer. Among the genetic alterations associated with pancreatic
cancer, K-Ras mutation is one of the most common and earliest
events in the development of pancreatic cancer,”’! while the
tumor microenvironment, characterized by desmoplasia, hy-
poxia, and immunosuppression, is one of the main obstacles to
effective treatments.[* Targeting signaling molecules involved
in pancreatic cancer progression, especially those downstream
of K-Ras, may be a promising approach to prevent or delay
the onset of pancreatic cancer. To overcome these challenges,
it is equally important to better understand the molecular
mechanisms involved in pancreatic cancer development and to
discover more effective anticancer drugs. Therefore, to explore
the relationship between amyloid proteins and cancer cells, in
this work, we employed three different amyloid proteins of Ap,
hIAPP, and hCT (Figure 2a) at monomeric and oligomeric states
to study their protective or disruptive roles in the growth, prolif-
eration, and migration of pancreatic cancer cells (PANC-1) using
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), live/dead staining, reactive oxygen species (ROS), and
lactate dehydrogenase (LDH) assays. Cell viability tests showed
that all of three amyloid proteins exhibited the sequence-,
concentration-, and aggregation-dependent inhibition activity
of cancer cells. Specifically, oligomeric amyloids or amyloids at
the higher concentrations exhibited the higher inhibitory effects
on PANC-1 than monomeric amyloids or amyloids at the lower
concentrations. Among three amyloid proteins, hIAPP was
identified to exert the strongest cytotoxicity against PANC-1 cells
as compared with other two amyloid proteins. Further assay
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Figure 2. a) Residue characterization in Ag, hIAPP, and hCT sequences. Color ID: positive charged residues (orange), negatively charged residues (blue),
polar residues (green), and non-polar residues (black). Inhibition of PANC-1 cell viability caused by b—d) monomeric and e—g) oligomeric b,e) Ap, c,f)
hIAPP, and d,g) hCT at 0.1-160 um (n = 3). t-test was used for data analysis for cells treated with amyloids relative to untreated cell groups (n = 3)
(°p < 0.05, °°p < 0.01, °°°p < 0.005, °°°°p < 0.001). h) Determination of inhibitory concentration of different amyloid species to kill 25% (1C25), 50%

(IC50), and 75% (IC75) PANC-1 cells.

study revealed the two different inhibition pathways of amyloids
against PANC-1 cells, depending amyloid aggregation states,
that is, amyloid monomers inhibited cancer cell growth via the
enhanced reactive oxygen species generation, while amyloid
oligomers promoted the anti-tumor activity via the membrane
disruption-mediate cell apoptosis. As compared to conventional
anti-tumor agents made of antibodies and small molecules, this
work discovers amyloid proteins as inhibitors for PANC-1 cells,
which gains several new insights into (1) the biological function
of amyloids against cancer cells, (2) a potential link between neu-
rodegenerative diseases and cancers, and (3) the development of
new prevention strategies against these aging-related diseases.

2. Results and Discussion

2.1. General Inhibitory Activity of Amyloid Peptides against
PANC-1 Cells

Since it is generally accepted that amyloid oligomers are highly
toxic to neuron cells, while amyloid monomers are the less-
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to-none toxic species, here we prepared both monomeric and
oligomeric amyloid aggregates formed by A, hIAPP, and hCT,
followed by the examination of their potential inhibitory effects
on PANC-1 cancer cells in response to the changes in amy-
loid sequences (Af, hIAPP, and hCT), amyloid concentrations
(0.1-160 um), and amyloid aggregation states (monomers and
oligomers). To this end, we first applied thioflavin T (ThT) as-
say to conduct a series of amyloid aggregation kinetic experi-
ments to determine the oligomeric states of different amyloid
proteins at different concentrations by a criteria of incubation
time to achieve reach half of the maximum fibril amount, ¢, ,. As
shown in Figures S1-S3, Supporting Information, A, hIAPP,
and hCT oligomers, prepared at 5-160 um, can be obtained at
0.28-50, 2.49-21.88, and 9.25-30.11 h, respectively. As a proof-
of-example, 20 um was used to demonstrate the aggregation pro-
cess of three amyloid proteins by characterizing their confor-
mational and morphological changes from amyloid monomers,
oligomers, to fibrils (Figure S4, Supporting Information). Com-
pared with amyloid fibrils with saturated f-sheet structures and
dense mature fibrils (blue curves and boxes), all of three freshly
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dissolved amyloid monomers displayed the characteristic ran-
dom coil structures (red curves, negative peak at ~198 nm) in
CD curves and almost invisible aggregates in AFM images (red
boxes), while amyloid oligomers exhibited the less-populated g-
sheet structures (purple curves, positive at 195 nm and negative
at 215 nm) and very few observable aggregates in AFM images
(purple boxes).

Upon determining the incubation conditions of three different
amyloid proteins to experience the entire aggregation process,
next we co-incubated monomeric (Figure 2b—d) or oligomeric
(Figure 2e-g) Ap, hIAPP, or hCT (0.1-160 pm) with PANC-1 cells
at 37 °C for 24 h and examined their potential inhibitory effects
on PANC-1 cells using IC25, IC50, and IC75 criteria (Figure S5,
Supporting Information, and Figure 2h). At first glance, three dif-
ferent amyloids exhibited the concentration- and seed-dependent
inhibition of PANC-1 cells to different extents, as compared to
the untreated PANC-1 cells being set as a base line of 100%
cell viability. Among three amyloid proteins, thanks to the two
positive charged residues of K; and R,;, hIAPP exhibited the
strongest cytotoxicity to PANC-1 cells by inducing up to 75% of
cell death in the range of tested concentrations of 10-160 um (Fig-
ure 2¢,f). Quantitively, IC25, IC50, and IC75 values were calcu-
lated as 16.85, 67.24, and 117.64 um for hIAPP monomers and
<10, 44.25,and 118.58 um for hIAPP oligomers, respectively (Fig-
ure 2h and Figure S5b,e, Supporting Information). This again
confirms that hIAPP oligomers are more toxic to cells than hl-
APP monomers.

In the case of A-PANC-1 systems (Figure 2b,e), it is interest-
ing to observe a strong concentration-dependent cancer killing
ability of Ap. Evidently, 0.1-40 um of A monomers enabled to
reduce PANC-1 cell viability by 18-50%, but further increase
of the concentration of Af monomers to 80-160 um decreased
cell viability by 34-38% (Figure 2b). Killing efficiency of PANC-
1 cells by Ap monomers depended on the competition between
two factors: on one hand, it is certain that the higher concentra-
tions of Af monomers kill PANC-1 cells more efficiently; on the
other hand, A monomers of high concentrations have strong
tendency to self-aggregate into species with low toxicity PANC-
1 cells. This reasoning was further confirmed by the observation
that Ap oligomer-initiated aggregation process was less efficient
to kill PANC-1 cells than A monomer-initiated aggregation pro-
cess at all tested concentrations, that is, at the same concentra-
tions ranging from 10 to 160 um, Ap oligomer-initiated aggrega-
tion led to 3.4-38.8% of cell viability, as compared to the higher
cell viability of 18.1-49.5% during monomer-initiated aggrega-
tion process (Figure 2e). Such difference in killing PANC-1 cells
is likely attributed to electrostatic interactions between negative-
charged cell membrane and Ap aggregates. Due to the high con-
formational freedom of A monomers, the positive residues (Rs,
Ky, Kyg) in A monomers are more likely exposed to interact
with the cell membrane, which increases the possibility for mem-
brane disruption. However, A oligomers would allow three pos-
itive residues to be buried inside, while making the surface of A
oligomers negatively charged. As aresult, Af oligomers are more
likely to be repelled by cell membranes, due to repulsive elec-
trostatic interactions that correlate well with reduced inhibitory
activity of Af oligomers. Consistently, both hCT monomers and
oligomers at all tested concentrations of 10-160 um were able to
inhibit the proliferation of PANC-1 cells to different extents, in
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which hCT monomer-initiated aggregation process induced the
higher cell death than hCT oligomer-initiated aggregation pro-
cess (Figure 2d,g). However, as compared to Af and hIAPP, hCT
was less efficient to inhibit PANC-1 proliferation, with the higher
IC25, 50, and 75 values of 83.99-160, >160, and >160 um (Fig-
ure 2h & Figure Sc,f, Supporting Information). The relatively
weak inhibitory ability of hCT presumably comes from the in-
clusion of only one positive residue (K,4) and overall charge neu-
trality, which lead to weak hCT-membrane interactions, thus re-
ducing the ability to disrupt cell membranes. Taken together,
based on three IC25, IC50, and IC75 values in Figure S5, Sup-
porting Information, and Figure 2h, the overall inhibitory activ-
ity of amyloids against PANC-1 cells was in a decrease order of
hIAPP > Af > hCT.

Seeing is believing. Live/dead staining was further used to
visualize and compare the number of living and dead PANC-
1 cells in the presence of amyloid proteins at different concen-
trations of IC25 and IC50 (i.e., 2.77 and 37.76, 65.52 and 160,
16.85 and 67.24, 10 and 44.25, 80 and 160, and 83.99 and 160 um
for Ap monomers, Ap oligomers, hIAPP monomers, hIAPP
oligomers, hCT monomers, and hCT oligomers systems, respec-
tively, Table S1, Supporting Information). Calcein AM (green)
was used to detect intracellular esterase activity (an indicator for
living cells), while and ethidium homodimer-1 (red) was used
to identify nucleic acid with damaged membranes (an indica-
tor for dead cells). As shown in Figure 3c, PBS buffer-treated
PANC-1 cells, as positive controls, showed massive green fluo-
rescent signals, indicating a large proportion of live cells similar
to the uncreated cell group. Oppositely, Triton X-100-treated cells
as negative controls showed more than 95% cell death, as indi-
cated by the almost fully surface coverage of red stained cells.
Compared with the control groups, when co-incubating PANC-
1 cells with different amyloid proteins at different concentra-
tions, both cell viability (reduced green:red/live:dead ratio) and
cell proliferation (reduced green/live fluorescence) were signif-
icantly reduced, but the extent of the reduction depended on
amyloid sequences and concentrations. Specifically, visual in-
spection of living/dead cells in Figure 3a,b shows that at low
concentrations of IC25, both monomeric and oligomeric hIAPP
caused the substantial cell death as shown by a large amount
of red stained cells. Such anticancer capacity by hIAPP became
even more pronounced as the concentration of hIAPP increased
to IC50, leading to >98% reduction in living/dead ratios (Fig-
ure 3d). Similarly, Ap-treated-cells exhibited the significant in-
hibition of PANC-1 growth as evidenced by the decrease of cell
density (i.e., less green fluorescence signal) and cell live/dead ra-
tio (i.e., green/red ratio). Under similar amount of living cells
(green fluorescence), Ap oligomers were found to cause more cell
death than Ap monomers, as evidenced by a lower living/dead
cell ratio. Quantitively, compared with A monomers-induced
living/dead cell ratios of 133 at IC25 and 53 at IC50, Ap oligomers
significantly reduced living/dead cell ratios to 21 at IC25 and
14 at IC50 (Figure 3d). For the hCT-PANC-1 systems, both hCT
monomers and oligomers were less efficient to suppress the
growth of PANC-1 cells at the same inhibitory concentrations
used for Af and hIAPP. Figure 3d showed that as hCT concen-
trations increased from 80-83.66 to 160 um, hCT monomers-
induced live/dead ratio decreased slightly from 1087 to 364,
while hCT oligomers-induced live/dead ratio decreased from
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Figure 3. Representative live/dead staining images of PANC-1 cell lines treated with a) monomeric and b) oligomeric amyloid proteins at 1C25 and
IC50 concentrations for 24 h. The scale bars are 180 um. c) Representative live/dead staining images of positive control (PC) treated with PBS buffer and
negative control (NC) treated with Triton X-100 solution. d) Live/dead ratio as calculated from three randomly selected areas on 3 replicates of samples.
t-test was used for data analysis for cells treated with amyloids relative to positive control (i.e., untreated cell groups, n = 3) (°p < 0.05, °°p < 0.01,
°°°p < 0.005, °°°°p < 0.001) or negative control (i.e., 10X Lysis buffer-treated cell groups, n = 3) (*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001).

279 to 156. Consistently, high-dosages of amyloids are more
effective at killing cancer cells, which have often been used
in cancer treatment. These findings suggest that amyloid pro-
teins, regardless their sequences, concentrations, and aggrega-
tion states, showed different inhibitory effects on PANC-1 pro-
liferation in the orders of hIAPP > A > hCT. Such amyloid-
induce cell apoptosis is likely stemmed from their synergetic
inhibition of intracellular esterase activity and cell membrane
disruption.

2.2. Amyloid-Induced Increase of ROS Formation in the Presence
of Cancer Cells

The homeostasis of ROS, which usually present at low and sta-
tionary level in normal cells, is critical for maintaining normal
cell metabolism, proliferation, and differentiation. However, the
overproduction of ROS is considered as an overlapping risk fac-
tor to cause cell death, which is linked to the pathogenesis of
both cancers and neurodegenerative diseases. Here, we applied
DCFH-DA staining to investigate the effect of soluble and aggre-
gated amyloid proteins on the formation of ROS (Figure 4) in the
presence of PANC-1 cells. Mechanistically, DCFH-DA is taken
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up by cells where cellular esterase cleaves off the acetyl groups,
resulting in DCFH. Oxidation of DCFH by ROS species includ-
ing hydroxyl radicals (-OH) and nitrogen dioxide (-NO,) converts
DCFH to DCF, which can emit green fluorescence to quantify
the ROS level. To establish baselines, the amyloid-treated cells
were normalized by the PBS-buffer-treated groups (i.e., 0% ROS).
ROS results in Figure 4 show that for all of amyloid-treated cells,
the levels of ROS production were highly dependent on the se-
quence, concentration and aggregate state of amyloids in the so-
lution, that is, (1) different amyloid proteins induced ROS in
the same order as their inhibitory capacity on PANC-1 cell pro-
liferation: hIAPP > Ap > hCT; (2) high concentrations (IC50)
of amyloid proteins generally initiated more ROS release than
low concentrations (IC25) did for all the amyloid-PANC-1 sys-
tems; and (3) amyloid monomers-treated PANC-1 cells suffered
more from ROS-induced cytotoxicity than their corresponding
oligomer-treated cells. Quantitively, co-incubation of different
concentrations of monomeric/oligomeric Af, hIAPP, and hCT
with PANC-1 cells led to the ROS release of 25-35%/15-22%,
38-64%/25-35%, and 12-15%/21-23%, respectively. Such differ-
ences in amyloid-associated ROS release suggest the possibility
of different anticancer mechanisms/pathways between different
amyloid aggregates.
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Figure 4. Amyloid-induced ROS release in PANC-1 cells by a) monomeric and b) oligomeric Ag, hIAPP, and hCT at low (1C25) and high (IC50) concen-
trations. Data were normalized by the PBS-buffer-treated cell group (positive control, 0% ROS release). t-test was used for data analysis for cells treated
with amyloids relative to untreated cell groups (n = 3) (°p < 0.05, °°p < 0.01, °°°p < 0.005, °°°°p < 0.007).
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Figure 5. Cell membrane leakage of PANC-1 cells as induced by a) monomeric and b) oligomeric Ag, hIAPP, and hCT at low (IC25) or high (I1C50)
concentrations by LDH assay. Data were normalized by PBS-treated cell group (positive control, 0% LDH activity) and Triton-X-100-treated cells (negative
control, 100% LDH activity) for fair comparison. t-test was used for data analysis for cells treated amyloids relative to untreated cell groups (n = 3)

(°p < 0.05, °°p < 0.01, °°°p < 0.005, °°°°p < 0.001).

2.3. Amyloid-Induced Cell Membrane Disruption of Cancer Cells

Apart from ROS upregulation-induced cell toxicity, numerous
proteins and peptides, including antimicrobial peptides, have
been shown to display anticancer activity via the disruption
of cancer cell membranes.>®! Substantial evidences suggest
that amyloid proteins are well known to be involved in dis-
ease pathologies and cytotoxicity through membrane disruption
mechanisms during aggregation process. Generally, amyloid pro-
teins initially bind to the outer leaflet of the membrane via elec-
tronically interactions, followed by the adjustment of conforma-
tion and orientation of amyloid proteins by inserting their hy-
drophobic face into the lipid portion of the bilayer, which ulti-
mately disrupts the structural integrity of the membrane, lead-
ing to cell death. Here, we used LDH assay to examine the
amyloid-induced membrane disruption of PANC-1 cells. Any
damage of the cell membrane will result in a release of LDH
(a cytosolic enzyme in cytoplasm) into the surrounding cell cul-
ture medium, which can be quantified by converting lactate into
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pyruvate via the NAD* reduction to NADH in a colorimetric
assay. PBS-buffer-treated cells were treated as a positive con-
trol group with 0% of LDH activity, while Triton-X-100-treated
cells as a negative control group with 100% LDH activity, both
of which were used to normalize amyloid-treated cells for fair
comparison. As shown in Figure 5, at first glance, all amyloids
showed the ability to induce membrane disruption of PANC-
1 cells in a concentration-, sequence-, and aggregation-dependent
manner. Quantitively, co-incubation of different concentrations
of monomeric/oligomeric Af, hIAPP, and hCT with PANC-
1 cells displayed 3.5-5.7%/5.1-16%, 13-47%/47—67%, and 0.1—
2.7%/3.2-6.0% of LDH release, respectively, that is, amyloid
aggregates formed at the higher concentrations induced the
higher cell membrane leakage than those at the lower concen-
trations. Cell leakage effects were also observed for all three
amyloid proteins, with the membrane leakage efficacy being
the greatest for hIAPP and the least for hCT, consistent with
ROS-induced cell death by amyloid proteins in the order of
hIAPP > Af > hCT,
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Figure 6. Amyloid proteins reduce the migration of PANC-1 cells. Representative micrographs to show the gaps of wound areas (as defined by two blue or
red boundaries), whose widths determine the effect of amyloid proteins on the migration rate of PANC-1 cells for 3 days in response to different amyloid
proteins (Af, hIAPP, or hCT) at different concentrations of a,c) 1C25 and b,d) IC50 and aggregation states of monomers (blue curves) or oligomers (red
curves). ¢,d) Quantitative analysis of migration rates of PANC-1 cells from the abovementioned wound-healing assay by counting at least three random
fields. t-test was used for data analysis for cells treated with amyloids relative to untreated cell groups (n = 3) (°p < 0.05, °°p < 0.01, °°°p < 0.005,

°°°°p < 0.001).

2.4. Suppression of PANC-1 Migration by Amyloid Proteins

Pancreatic tumor metastasis is considered as a deterministic fac-
tor for the progression and spreading of pancreatic cancerous
cells through the migration and replication of cancer cells in
distant body tissues to form the secondary tumors. To this end,
we used a wound-healing assay to examine the migration rate
(i-e., wound closure rate) of PANC-1 in the absence and pres-
ence of amyloid proteins on day 0 & day 1 (Figure S6, Support-
ing Information) and day 3 (Figure 6), which was sought to de-
termine whether and to what extent amyloid proteins affect cell
migration. Briefly, after the creation of a wound on each well
of 96-well plate in the presence of a monolayer PANC-1 cells
with or without amyloid proteins, the wound closure area was
measured over time to determine cell migration rate on the
monolayer. As showed in Figure 6, the migration of untreated-
PANC-1 cells (PC) enabled to recover ~55-61% wound areas af-
ter 3 days. Different from the control group, all of amyloid-treated
cells showed the concentration- and sequence-dependent sup-
pression effect on PANC-1 cell migration. Specifically, among
different amyloid-treated cells at the low amyloid concentra-
tions of IC25 (i.e., 2.77-83.66 um), cell migration rates (i.e.,
wound closure rates) were estimated to be 22% and 25% for
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Ap monomers- and oligomers-treated cells, 9.3% and 6.2% for
hIAPP monomers- and oligomers-treated cells, and 27% and
18% for hCT monomers- and oligomers-treated cells. Clearly,
hIAPP can effectively suppress cancer cell migration, as char-
acterized by a wide wound gap and a slow cell migration rate
of 6.2-9.3% after 3 days of post-operative wound. As compared
to hIAPP, hCT showed a mild suppression effect on PANC-
1 cell migration, while Af inhibitory effect was in between hl-
APP and hCT. When the PANC-cells were treated with the high
amyloid concentrations of IC50 (i.e., 37.76-160 um) for 3 days,
all of amyloid proteins can effectively reduce cell migration
rates by 61/61%, 83/90%, and 52/70% for A, hIAPP, and hCT
monomers/oligomers, respectively. Overall, this result revealed
that the migratory ability of PANC-1 cells was remarkably sup-
pressed by amyloid proteins in a dose and sequence-dependent
manner, implying that such inhibition effect of amyloid proteins
on PANC-1 cells highly possibly correlates with amyloid-induced
cell invasion.

3. Discussion

While there appears to be an inexplicable, inversion relationship
between neurodegenerative diseases and cancers, it still remains

© 2023 Wiley-VCH GmbH

d ‘8 “€T0T ‘861010LT

sdyy wouy papeoy

ASUDOI'T suowwo)) dAnea1) d[qedrjdde ayy £q paurda0s a1e SA[ONIR YO 35N JO SI[NI 10J AIRIQIT dUI[UQ AJ[IAN UO (SUONIPUOI-PUB-SILIA) /WY AS[ 1M’ ATRIqIAUI[UO//:5dNY) SUONIPUO) pue sWId T aY) 335 "[£707/80/0€] U0 Areiqry suruQ A9[ip ‘AreIqry 20191 uonyy JO ANs10AIUN £q 0L000£Z0T1APR/T00T 01 /10p/W0d" AS[IM "



ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

www.advanced-bio.com

< « amyloid monomers
___amyloid oligomers
& amyloid fibrils

/ LDH

3¢ ROS

Figure 7. Mechanistic models of amyloid-induced cytotoxicity for PANC-1 cancer cells, including a) amyloid monomers-induced ROS production model

and b) amyloid oligomers-induced membrane disruption model.

elusive to determine some common risk factors and the underly-
ing biological mechanisms for putatively explaining the inverse
correlation between them. Given that protein—cell interaction in-
volves in virtually every cellular function and process in human
diseases, here we studied molecular interactions of amyloid pro-
teins with pancreatic cancer cells, which is a less explored subject,
to reveal whether amyloid proteins involve in the inverse correla-
tion with cancer pathogenesis in response to amyloid sequences,
concentrations, and aggregation states.

To this end, cell viability assays showed that different amyloid
species formed by Af (associated with AD), hIAPP (associated
with T2D), and hCT (associated with MTC) can indeed induce a
general inhibitory effect on PANC-1 cell proliferation, but inhi-
bition efficiency of three different amyloid proteins strongly de-
pend on their sequences, concentrations, and aggregate states.
Specifically, (1) at optimal conditions, hIAPP exhibited the high-
est inhibitory activity (i.e., strongest cytotoxicity) against PANC-
1 cells by reducing cell viability up to 90%, while hCT showed the
lowest inhibitory effect on cell viability of 22% (Figure 2); (2) amy-
loids at the higher concentrations of IC50 exhibited the higher in-
hibitory effects on PANC-1 cells than amyloids at the lower con-
centrations of IC25 (Figure 3); (3) amyloid monomers-initiated
aggregation process induced the more PANC-1 cell death than
amyloid oligomers-initiated aggregation process, because the for-
mer process covers the entire misfolding and aggregation path-
ways from monomers, oligomers, to fibrils, while the latter pro-
cess starting from t,;, does not take into account the cytotoxicity
effect of those toxic amyloid aggregates (i.e., those are formed
before t,,) on the cells (Figure S1-S3, Supporting Information).
Furthermore, wound healing results further confirmed that all
of amyloid proteins enabled to reduce cell migration by 52-90%,
implying that amyloid proteins could serve as promising agents
for suppressing cancer metastasis (Figure 6). Such differences
in inhibition efficiency of cancer cells by amyloid proteins reflect
different interaction efficiencies between amyloid aggregates and
cancer cells.

To better understand a general amyloid-induced cytotoxicity
toward cancer cells and their different inhibitory efficiencies
against cancer cells, we examined the amyloid-induced ROS and
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membrane disruption on cancer cells, because abnormal ROS
production and membrane disruption have commonly been im-
plicated as the two overlapping pathological causes of cancers and
neurodegenerative diseases. From a mechanistic viewpoint, our
collective data from ROS and LDH revealed different patholog-
ical roles of amyloid species in cancer cell death, that is, amy-
loid monomers mainly induce cancer cell death through ROS
production, while amyloid oligomers kill cancer cells primarily
through membrane disruption. As shown in Figure 4a, amyloid
monomers clearly elevated the intracellular production of ROS
to induce the abnormally high levels of fluorescence intensity
of 18 113-21 238 a.u. by Ap, 19 592-25 849 a.u. by hIAPP, and
17 590-19 417 a.u. by hCT, as compared a physiological ROS level
0f 15 714 a.u. in normal cells. Subsequently, the amyloid-induced
increase of ROS levels would cause oxidative stress to damage mi-
tochondrial enzymes, which cannot produce sufficient energy to
sustain cell activity and viability (Figure 7a). Additionally, while
it is well-known that the membrane disruption caused by amy-
loid monomers are negligible,[*®! amyloid monomers still play
an indispensable role in facilitating the formation of amyloid
oligomers on the cell membranes. Numerous studies have re-
ported that cell membranes serve as catalytic sites to accelerate
the misfolding and aggregation of amyloid monomers into high-
ordered amyloid aggregates. Such membrane-promoted amyloid
aggregation process (Figure 7b) often causes amyloid oligomers
to penetrate into the cell membrane to form transmembrane
pores,®’l to bind to the cell membranes to cause nonspecific
ion permeation,*®*%° or to extract lipids from cell membrane
and induce detergent-like membrane dissolution.[®!! Evidently,
LDH assays showed that amyloid oligomers induced the more
membrane leakage than amyloid monomers (Figure 5), con-
sistent with other studies of amyloid on cell membranes.[>®%2]
Such amyloid oligomer-induced membrane disruptions enable
to promote cell penetration via the unwanted transport of small
molecules and ions across the membranes, causing ionic home-
ostasis, membrane leakage, and finally cell toxicity.l%*] Moreover,
after membrane disruption, it raises the less possibility to induce
intracellular ROS production by amyloid oligomers. These re-
sults reveal the distinct role of amyloid monomers and oligomers
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in cancer cellular dysfunction, which may account for possible
beneficial biological function of amyloid proteins by modulating
or inhibiting the pathological changes and progression of can-
cers. Additionally, this work mainly focused on examining cell
membrane disruption mechanism, that is, whether amyloid pro-
teins can induce cell membrane leakage in cancer cells, as they
do in neuron cells and pancreatic cells. However, this amyloid-
induced membrane-disruption mechanism does not necessarily
exclude other possible pathological mechanisms that may lead
to pancreatic cell death. These unexplored mechanisms could be
further investigated by other researchers. Overall, this work not
only explains a possible inversion relationship between neurode-
generative diseases and cancers at protein and cellular levels, but
also provides a new beneficial, biological function of amyloid pro-
teins as anti-cancer inhibitors.

4. Experimental Section

Reagents:  Full-length amyloid peptides including amyloid f1_4, (AB,
purity > 95.0%), human islet amyloid polypeptide;_3; (hIAPP, purity >
95.0%), and human calcitonin,_3, (hCT, purity > 95.0%) peptides were
purchased from CPC Scientific (CA, USA). Dimethyl sulfoxide (DMSO,
99.9%) was obtained from ATCC. 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
99.9%) and ThT (98%) were purchased from Sigma-Aldrich (MO, USA).
All other chemicals used in this work were of the highest grade.

Peptide Purification and Preparation: To obtain homogeneous,
aggregate-free peptide solution, all the lyophilized peptide powder was
reconstituted in HFIP at T mg mL~! concentration, sonicated in ice
bath, and subsequently centrifugated at 14 000 rpm, 4 °C for 30 min.
The peptide solution was aliquoted and lyophilized to remove HFIP
and stored under —80 °C. Unless otherwise states, all peptides were
freeze-dried for 1 h and pre-solubilized in DMSO (5% v/v), then further
dissolve in different buffers (Tris pH = 7.4/PBS buffer, pH = 7.4) to reach
desired concentration. Oligomeric amyloid peptides were first dissolved
before incubating for different time periods at 37 °C incubator according
to the half time shown in their aggregation kinetics.

Thioflavin T Fluorescence Assay:  To obtain the oligomeric amyloids, the
half-time (i.e., the time to reach half of the maximum fibril amounts) was
first determined by using ThT assay. In short, 2 mm ThT stock solution
was obtained by dissolving ThT powder into Milli-Q water and stored in
dark place at room temperature. Samples were prepared on ice by mixing
different types of amyloid peptides (0.1-160 um) with Tris buffer to achieve
a final test volume of 200 uL. After transferring the samples to 96-well plate
in the plate reader, 1 uL 2 mm ThT was quickly added to each well before
the aggregation was initiated at 37 °C, then fluorescence intensity data
were recorded consistently at 30 min intervals for 24 h. The kinetic top-
read mode of a SpectraMax M3 microplate reader (Molecular Devices, CA,
USA) with excitation at 450 nm and emission at the range of 470-500 nm
was used to monitor the ThT fluorescence.

Cell Culture: Pancreatic cancer cells PANC-1 (ATCC CRL-1469,
VA, USA) were maintained in Dulbecco’s Modified Eagle’'s Medium
(pH = 7.07.4, ATCC 30-2003) supplemented with 10% fetal bovine serum
(FBS, ATCC 30-2020), and 1% penicillin/streptomycin (ATCC 30-2300). Af-
ter being incubated in 5% CO, humidified incubator at 37 °C and reached
over 80% confluence. Unless otherwise specified, the cells were separately
seeded onto transparent 96-well plate (2 X 10° cells in 100 uL) and further
incubated for 24 h at 37 °C, 5% CO, before other cell assays.

MTT Proliferation Assay: To evaluate cell viability with amyloid pep-
tides treatment, the media was replaced with fresh media containing dif-
ferent concentrations of amyloid peptides (0.1-160 um). The cells were fur-
ther incubated for 24 h, followed by replacing the media with 0.5 mg mL™!
MTT fresh media. After 4 h incubation at 37 °C, 5% CO,, the media was
replaced by dimethyl sulfoxide to dissolve the formazan crystals formed
through MTT reduction in cells and the absorbance value was read at
540 nm. The cell viability was determined as the percentage of MTT reduc-

Adv. Biology 2023, 7, 2300070

2300070 (9 of 11)

www.advanced-bio.com

tion as compared to untreated cells. Data were exhibited in mean + s.d.
of three independent tests.

Live/Dead Fluorescence Assay: The representative images of the live
and dead cells were acquired to evaluate the anticancer effects of different
amyloid peptides. The cancer cells incubated with or without amyloid pep-
tides were stained using a LIVE/DEAD Viability/Cytotoxocity Kit (L3224,
Invitrogen) and imaged by fluorescence microscope (Echo RVL2-K) to vi-
sualize the live and dead cells. Corresponding fluorescence intensity was
calculated by using Image) (n = 3).

Cell Migration Assay:  The monolayers were incised with a micropipette
tip in the central area of the culture to create a crack. Cells were then treated
with either cell medium alone (the control) or cell medium containing
different concentrations of amyloid peptide and incubated at 37 °C, 5%
CO, for 1-3 days. The images were captured at day 0, day 1and day 3 man-
ually by using EVOS core microscopy (AMEX-1100). The open crack area
in each image was calculated using Image], and the data were processed
using GraphPad Prism 7.

ROS Assay: To determine the influence of different amyloid peptides
on the production of ROS in treated PANC-1 cells, 2,7-dichlorofluorescein
diacetate (DCFDA) dye was used to stain the intracellularly generated
ROS. Briefly, PANC-1 cells were seeded at a density of 2 x 10° cells per well
in a black 96-well plate. After 24 h incubation, the medium was discarded,
and cells were washed with PBS buffer for one time, before staining with
25 um DCFDA in PBS buffer. The cells were incubated at 37 °C for 45 min
in the dark. Then, the cells were washed once with PBS buffer. The wells
were treated in triplicates with 100 pL fresh medium containing different
concentrations of amyloid peptides and incubated in the dark for 3h at
37 °C with 5% CO,. Finally, the fluorescence intensity was then measured
with excitation and emission wavelength of 485/535 nm using microplate
reader (SpectraMax M3).

LDH Cytotoxicity Assay: The cytotoxicity of amyloid peptides was as-
sessed by LDH activity. Theoretically, cytosolic enzyme LDH will be re-
leased into cell culture media after the damage of cell membrane, which
can be measured as biomarker to quantify the cytotoxicity. The leaked LDH
activity in the medium was evaluated by the Pierce LDH Cytotoxicity As-
say Kit (Thermo, USA). Briefly, 24 h after drug introduction, 10 pL sterile
water or Lysis Buffer (10x) as positive control (spontaneous LDH release)
and negative control (maximum LDH release), respectively, was added to
each well. The plate was then incubated in an incubator (37 °C, 5% CO,)
for 45 min, followed by transferring 50 uL of each sample medium to a
clean 96-well plate. Next, 50 uL of reaction mixture was added to each
sample well and the plate was incubated at room temperature for 30 min
protected from light. Finally, 50 uL of stop solution was added to each
sample well and the absorbance was read at the wavelength of 490 and
680 nm by the microplate reader. Data were exhibited in mean + s.d. of
three independent tests.

Statistical Analysis:  The t-test was implemented for data analysis for
cells treated with amyloids relative to positive control (i.e., untreated cell
groups, n=3) (°p < 0.05, °°p < 0.01, °°°p < 0.005, °°°°p < 0.001) or neg-
ative control (i.e., 10X Lysis buffer-treated cell groups, n = 3) (*p < 0.05,
**p < 0.01, ***p < 0.005, ****p < 0.001). GraphPad Prism 9 was used for
the data plotting and statistical analysis.

In Figure 1, the two national population-based studies, each containing
540 and 405 cases, were used for AD patient data analysis,[*%8] while
CDC data containing 300 000 cases were used for general healthy people
analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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