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Abstract

It is known that the humanin (HN) peptide binding to amyloid-8 (Af) protects against its cytotoxic
effects, while acetylcholinesterase (AChE) binding to Ag increases its aggregation and
cytotoxicity. HN is also known to bind the insulin-like growth factor binding protein-3 (IGFBP-3).
Here, we examined the regulation of Ag conformations by HN, AChE, and IGFBP-3 both /n vitro
and in the conditioned media from A549 and H1299 lung cancer cells. Our in vitro results showed
the following: IGFBP-3 binds HN and blocks it from binding Ag in the absence or presence of
AChE; HN and AChE can simultaneously bind Agbut not when in the presence of IGFBP-3; HN
is unable to reduce the aggregation of Agin the presence of IGFBP-3; and HN abolishes the
aggregation of Aginduced by the addition of AChE in the absence of IGFBP-3. In the media,
AChE and HN can simultaneously bind AB. While both AChE and HN are detected when using
6E10 Ag antibodies, only AChE is detected when using the A 17-24 antibody 4G8, the anti-
oligomer Al1, and the anti-amyloid fibril LOC antibodies. No signal was observed for IGFBP-3
with any of the anti-amyloid antibodies used. Exogenously added IGFBP-3 reduced the amount of
HN found in a complex when using 6E10 antibodies and correlated with a concomitant increase in
the amyloid oligomers. Immunodepletion of HN from the media of the A549 and H1299 cells
increased the relative abundance of the oligomer vs the total amount of A, the Al1-positive
prefibrillar oligomers, and to a lesser extent the LOC-positive fibrillar oligomers, and was also
correlated with diminished cell viability and increased apoptosis.

Amyloid-g (AB), produced by almost all types of cells, is well recognized for its importance
in the different stages of the development and progression of Alzheimer’s disease (AD).1-
The approximately 4 kDa AS peptide is generated when the higher molecular weight
amyloid precursor protein is sequentially processed by two membrane-bound endoproteases,
[ and y-secretase.l:® Processing by y-secretase yields different C-terminal Ag
heterogeneities, where AB40 and AB42 represent ~90 and 10% of the isoforms, respectively.
1.6 The ApB40 and AB42 peptides, which are thought to self-assemble into amyloid fibrils,
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are associated with and linked to the pathology of more than 20 devastating and serious
human diseases, including AD and other neurodegenerative disorders.3-57-10 A40, which
has a lower tendency to form oligomers, co-localizes in plaques with AB42, which has a
high tendency to aggregate into oligomers, is more fibrillogenic due to an additional two
hydrophobic amino acids (lle and Ala) at the C-terminus, and is the main form deposited in
the brains of people with AD.1! Two different types of Ag plaques are found in the AD
brain, vascular amyloid and AgB plaques, which are mainly composed of Ap40 and Ap42,
respectively.12 The amino-terminal region of Ag s relatively hydrophilic, while the
carboxyl-terminal region is highly hydrophobic; this has been proposed to account for its
propensity to aggregate at neutral pH.13

The mechanisms by which the primary sequence of Agis converted into functional entities
and dysfunctional assemblies are largely obscure.1* Complementary approaches!® using
molecular dynamics simulations along with experimental methodologies have been widely
used in order to provide structural details of the various Ag assemblies, which range from
monomers!6-19 to oligomers320 to protofibrils?! and fibrils,22 and the aggregation inhibitors
of different Ag species.2324

More recently, multiple studies have shown that patients with AD might have a reduced risk
of and some protection against cancer, and that an inverse relationship between cancer and
AD?25-30 gxjsts such that patients with AD generally had a significantly reduced rate of
developing cancer with time while the rate of developing AD was reduced in cancer patients.
The incidence of AD was reduced not only with glioblastoma but also with other types of
cancer, including lung cancer.39 A was shown to be protective against certain types of
cancer and is capable of inhibiting the growth of tumor cells.31:32 Treatment of cancer cell
lines with conditioned media that contain AgS reduced the proliferation of human breast
adenocarcinoma, melanoma, and glioblastoma,32 while A suppressed tumor growth in mice
upon direct injection into human lung adenocarcinoma xenografts.3! In all cancer patients,
the levels of plasma Ap40 and Ap42 were reported to be higher than the levels of the normal
controls.33 In this study, we used two human non-small-cell lung carcinoma (NSCLC) cell
lines34 and A549 (p53-positive) and H1299 (p53-null) cells3® in order to gain mechanistic
insights into the AB regulation in lung cancer cells.

Humanin (HN) is a secreted mitochondrially derived peptide discovered initially by the
Nishimoto laboratory.36:37 When translated in the cytoplasm, it is composed of 24 amino
acids; when translated in the mitochondria, it is composed of 21 amino acids.38 Certain
residues in HN have been implicated in different activities, including binding to A.38:39
Multiple lines of evidence suggest that HN possesses broad cyto- and neuroprotective
activities against different types of stress and a wide range of disease models,384041

HN was previously identified as a binding partner to Ag, likely counteracting its deleterious
and damaging effects.3940:42 HN was shown to alter the morphology of AB40 from fibrillary
to amorphous,*® providing protective functions against the cytotoxic effects induced by Ag.
Circular dichroism and NMR studies were previously employed** in order to show that HN
is unstructured and flexible in agueous solutions. However, in a less polar environment it
takes up a helical structure (Gly5-Leul8), suggesting that these conformational changes
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allow the peptide, in its unstructured form, to interact with different receptors while enabling
it in its helical conformation to pass through membranes and form more specific
interactions.4

Numerous attempts have been put forth in order to design molecules that modify the kinetics
of fibril formation in order to prevent or delay the self-assembly of monomeric A into its
oligomeric forms.21045 Minimal information is currently available regarding the three-
dimensional structures of the monomers and oligomers of both the Ap40 and ApB42 peptides
in an aqueous solution.3 HN has been shown to directly interact with Ag oligomers.6
Because HN binds directly to Ag, and due to its known cytoprotective functions, it may play
a role as a natural protective peptide-based tool with the potential to interfere with the
formation and properties of toxic AB assemblies. Whether HN is able to interact with
homogeneous unaggregated, oligomeric, and fibrillar AgS peptide fragments is largely
unknown.

The amino acid residues that form direct interactions between HN and AB40 were identified
earlier by molecular modeling.#” HN>15 and AB17-28 were further identified by proteolytic
epitope excision and extraction as well as by affinity mass spectrometric data analysis as the
specific epitopes at the binding interface between HN and Ap40.47 The binding of HN to
ApL7-28 was proposed to block A from interacting with its receptors.3? Inhibition of the
17-28 region of A was found earlier to decrease the aggregation of the neurotoxic amyloid
fibrils and the related cytotoxicity in SH-SY5Y, a human neuroblastoma cell line.> More
recently, HN was found to bind directly to Ag42 and exhibited anti-oligomeric activity.46
We also found that the Leu11 of HN is important for its interactions with A540.48 Using
nuclear magnetic resonance (NMR) in an alcohol/water solution, HN with a p-isomerized
Ser14 was found to bind Ap40 with higher affinity than either wild-type HN or HNS14G
and had potent inhibitory effects against Ag40 fibrillation.*? Interestingly, the o-
isomerization of the Ser14 residue resulted in a drastic conformational change in HN that
might provide a molecular mechanism for its cytoprotective activity.4°

AChE is an enzyme that breaks down the neurotransmitter acetylcholine at the synaptic
cleft.50 Most of the cortical AChE activity present in the Alzheimer’s brain is known to be
predominantly associated with the amyloid core of senile plaques.®1-5> AChE forms a stable
toxic complex with the Ag peptide during its assembly into filaments, increasing the
aggregation and neurotoxicity of the A fibrils.55:56 AChE is known to increase Ap42
oligomeric formation® and is associated with the amyloid plaque accumulation of
abnormally folded Ap40, a main component of the amyloid plaques found in the brains of
AD patients.50-56 The addition of AChE significantly increased the aggregation of
AB40.51:53-56 |t has been shown earlier that the enzyme may have non-catalytic functions,
since the catalytic active center of AChE was not required for AB40 amyloid fibril
formation.>8 The peripheral anionic site of the enzyme was found to be the site where Ag
interacts, accelerating the formation of the amyloid fibrils and resulting in a highly toxic
complex.> The toxicity of the AChE—amyloid complexes was found to be higher than that
of the AB aggregates alone.®® Binding assays indicated®* that AChE binds to Ag (12-28)
and the AB (1-16) peptide (Figure 1) and is able to directly promote AB40 aggregation and
its assembly into amyloid fibrils. Thus, since the binding sites of AChE and HN on Ag

Biochemistry. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Price et al.

Page 4

overlap, HN and AChE may serve to regulate the central domain of Ag (residues 17-24) that
is flanked by Lys16 and Lys28, which is known to be a critical structural element in fibrillar
Ap aggregates.60-62

IGFBP-3 is a member of a family of six insulin-like growth factor (IGF) binding proteins
that have highly conserved structures.53-68 Among the IGFBPs, IGFBP-3 is the most
abundant and is a primary carrier of IGF-1 in circulation. It also employs its antiproliferative
effects by binding IGF-1, by blocking IGF/IGF-IR interactions,63.66.68 or via mechanisms
independent of the IGF/IGF-IR axis.58-71 The expression of IGFBP-3 is decreased in lung
cancer34 and is associated with tumor metastasis and a poor diagnosis in stage | NSCLC
patients.”2-76 An inverse relationship has been reported to exist between the plasma or serum
levels of IGFBP-3 and lung cancer risk.63:68.77 The expression of IGFBP-3 resulted in the
inhibition of MAPK signaling, increased cleaved caspase-3, and corresponded with a
decreased human lung cancer cell survival.’®

Previously, we found that HN binds IGFBP-3 and interferes with the interaction of importin-
B1 with IGFBP-3 /n vitro, providing a probable functional role for HN as a regulator of the
nuclear translocation of IGFBP-3.7% We also found that amino acid residues 215-232 in the
C-terminal region of IGFBP-3 bind hyaluronan, blocking it from interacting with its receptor
CD44 and reducing A549 human lung cancer cell viability;8% HN binding to IGFBP-3
blocked the protein from exerting these effects. More recently, we found that IGFBP-3 can
block hyaluronan-CD44 signaling by a mechanism that depends on both
acetylcholinesterase and p53.81

Here, we show that while the binding of AChE to Ag s reduced in the presence of HN it is
not abolished, and that the aggregation of Agin the presence of both HN and AChE is
greatly reduced. We also show that the interaction of IGFBP-3 with HN restores AChE’s
ability to increase AB aggregation. Moreover, the immunodepletion of HN from A549 and
H1299 lung cancer cell-conditioned media increased the relative amount of the AB oligomer
vs the total amount of AB, decreasing cell viability and increasing apoptosis.

EXPERIMENTAL PROCEDURES

Materials.

Most of the materials used were purchased as we previously reported.&0 Nitrocellulose
membranes, phosphate buffer saline (PBS), recombinant human AChE (C1682, UniProt
C9JD78), oligomer anti-amyloid fibril (LOC, rabbit, AB2287) antibodies, streptavidin-
conjugated horseradish peroxidase (HRP) conjugate, Ponceau S solution, and phenyl-
methylsulfonyl fluoride (PMSF) were purchased from Sigma-Aldrich. Recombinant human
IGFBP-3 protein (YCP1009, UniProt P17936) was purchased from Speed BioSystems.
Mouse IgG isotype control (mlgG), ultra 3,3",5,5 -tetrame-thylbenzidine (TMB)-ELISA
substrate solution, annexin V human ELISA kits (BMS252), halt protease and phosphatase
inhibitor cocktail, humanin polyclonal antibodies (rabbit, PA1-41610), IGFBP-3 polyclonal
antibodies (goat, PA5-18791), A11 polyclonal antibodies (rabbit, AHB0052), and Nunc
MaxiSorpTM 96-well flat bottom plates were from ThermoFisher. Goat anti-AChE
antibodies (ab31276) and rabbit anti-goat IgG H&L (HRP, ab6741) were from Abcam.
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Mouse monoclonal amyloid-g antibodies (sc-53822), IGFBP-3 mouse monoclonal
antibodies (sc-374365), and goat anti-rabbit IgG-HRP (sc-2004) were from Santa Cruz
Biotechnology. Super signal west pico luminol (chemiluminescence) reagent and BCA
protein assay kits were from Pierce. Ap40-HFIP (AS-64128-05), Ap42-HFIP
(AS-64129-05), biotin-Ap40 (AS-23512-01), and biotin-Ap42 (AS-23523-05) were
purchased from AnaSpec. Humanin (018-26) and biotin-humanin (B-018--26, UniProt
Q8I1VG9) were purchased from Phoenix Pharmaceuticals. Anti-Ag (6E10, 1-16, mouse),
anti-AgB antibody (4G8, 17-24, mouse), anti-AB42 antibody (mouse), and biotin anti-AgS
antibody (4G8, 17-24) were from BiolLegend.

Human NSCLC cell lines A549 (ATCC CCL-185) and H1299 (ATCC CRL-5803) were
purchased from the American Type Culture Collection (ATCC, Manassas, VA). Cells were
seeded as we reported earlier® in 5 mL of HyClone Dulbecco’s modified Eagles medium/
nutrient mixture F-12 (DMEM/F12) (GE Healthcare Life Sciences, Pittsburgh, PA);
supplemented with 10% Fetalgro bovine growth serum (FBS, RMBIO, Missoula, MT), 50
U/mL penicillin, and 50 U/mL streptomycin (Invitrogen Life Technologies, Carlsbad, CA)
in 25 cm? tissue culture flasks; and allowed to grow overnight in an incubator at 37 °C, 95%
humidity, and 5% CO,. The cells were counted after trypan blue staining with a
hemocytometer

ELISAs were conducted as we reported previously.48:80.81 Nunc MaxiSorp 96-well flat
bottom plate wells were coated with the samples as indicated. The plates were incubated
overnight at 4 °C on a shaker in order to allow binding to the plate wells. After the
incubation, the wells were washed four times with TBST, filled with 400 gL of blocking
buffer (110 mM KCI, 5 mM NaHCO3, 5 mM MgCl,, 1 mM EGTA, 0.1 mM CaCl,, 20 mM
HEPES, and 1% BSA, pH 7.4), and incubated overnight at 4 °C on a shaker. The wells were
then washed four times with TBST, and 100 /L of the sample at the desired concentration
was added to each well before incubating overnight at 4 °C on a shaker. TBST was then used
to wash the wells four times before proceeding in one of the following two ways: (1)
biotinylated samples were analyzed by adding 100 zL of streptavidin-HRP conjugate in
TBST (1:2500 dilution) to the samples before incubating for 3 h at rt on a shaker, or (2)
samples without biotin were analyzed by adding 100 s of TBST containing the primary
antibody at the manufacturer’s recommendation and incubated for 3 h at rt on a shaker
before washing four times with TBST. The secondary antibody in 100 L of TBST was then
added to the samples following the manufacturer’s recommendation and incubated for 1 h at
rt on a shaker. Plates containing either the biotinylated or non-biotinylated samples were
then washed five times with TBST, followed by the addition of 100 zL of TMB that resulted
in a blue color change. The reaction was stopped with 100 /L of 2 M H,SO, after
incubating at rt for 0.5-15 min, which resulted in a yellow color change that was measured
by absorbance spectroscopy at 450 nm. In order to monitor the nonspecific binding, the
negative control wells on the plates included, for example, bound Ag peptide. Then, all the
components were added, i.e., streptavidin-horseradish peroxidase and TMB, but without the
addition of biotin-HN. Some wells were coated with 2.5, 10, 50, 100, 500, and 5000 nM
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biotin-HN or Agin order to allow the conversion of the OD measurements to concentrations
of the bound material. Before analysis, the OD measurements from the data were corrected
for nonspecific binding by subtracting the mean background absorbance for the negative
controls. Typically, in control wells incubated on each plate the background binding was
about 10-15% of the maximum binding seen with the addition of biotin-peptides or
antibodies. Statistical analysis was performed using GraphPad Prism 8.3.1. Data were
expressed as the mean + the standard deviation (SD). Three to five independent experiments
were carried out in triplicate for each assay condition.

Quantitation of AB.

ABELISAs were carried out according to previous protocols®2:83 for determining the
oligomeric and monomeric concentrations of Ag. Briefly, the total amount of Ag
(monomers + oligomers) was measured by two-site binding ELISAs using the capture 6E10
monoclonal antibody and 4G8 conjugated to biotin as the detection antibody, which
recognizes a distinct epitope, and then quantitated using streptavidin-horseradish peroxidase.

Using the same samples, oligomerized AB was measured by a single-site ELISA in which
antibodies targeting the same primary sequence epitope were used for both capture (4G8)
and detection (4G8-biotin). Only oligomers are detected with this approach, since the 4G8-
biotin antibody cannot bind to the captured monomer because the epitope is blocked by the
4G8 capture antibody. Therefore, only oligomeric or multimeric Ag containing additional
exposed 4G8 epitopes not engaged by the capture antibody is reported by the streptavidin-
horseradish peroxidase. The amount of the monomer was then estimated as the difference
between the concentration of total Ag and the concentration of the oligomer.

Dot Blotting.

Dot blots were done following our previously published procedures.8%:81 Cells were grown
in a 10% FBS-supplemented medium overnight in 25 cm? flasks (ThermoFisher). The
medium was collected and analyzed following the incubation of the cell monolayers in a
serum-free medium for 24, 48, and 72 h in the presence of Halt protease, a phosphatase
inhibitor cocktail, and 1 mM PMSF. After the protein concentrations were determined using
the BCA protein assay kit, 3 4L of the 600 wg/mL total protein of the conditioned media was
spotted onto a nitrocellulose membrane and allowed to dry. Nonspecific sites were blocked
by soaking the blot for 1 h at rt in a 10 cm Petri dish containing TBST with 5% BSA. The
blot was then incubated with the primary antibodies in the BSA/TBST overnight at rt
following the manufacturer’s recommendation. After washing the membrane with TBST (3
x 5 min), the secondary antibodies conjugated with HRP were added according to the
manufacturer’s recommendation. The membrane was incubated for 30 min at rt and then
washed for 3 x 5 min with TBST and once with TBS for 5 min. Super signal west pico
luminol (chemiluminescence) reagent was added in order to detect the amount of peptide or
protein on the membrane, which was then imaged using a Bio-Rad molecular imager and
quantitated with ImageJ ver. 1.47 software. Distilled water was used as a negative control,
while the purified protein or peptide was used as a positive control. The aggregation of AS
was monitored via dot blotting by methods described previously84 using oligomer or fibrillar
and sequence specific antibodies.
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Thioflavin T (ThT) AB Aggregation Assay.

The ThT assay was carried out as we reported previously.*8 The effects of HN, IGFBP-3,
and AChE on the aggregation kinetics of ASwere investigated using the SensoLyte
Thioflavin T (ThT) AB aggregation Kits (Anaspec, AS-72213 and AS-72214). AggreSure
ABA0 peptide (Anaspec, AS-72215) and AggreSure AB42 peptide (Anaspec, AS-72216)
were purchased pretreated in order to ensure that they were in a high-percent monomeric
state. The fluorescence signal of ThT (Ex/Em = 440/484 nm) increases upon binding to
amyloid fibrils and aggregated Ag peptides.85 Ag (2 M) in 50 mM Tris or 150 mM NaCl
(pH 7.2 containing 20 ¢M ThT) was incubated without or with 2 /M AChE or IGFBP-3 (2
or 6 4M). Samples (3 x 100 z1) were incubated at 37 °C in 96-microplate wells
(ThermoFisher), and the ThT fluorescence intensity was monitored using the plate reader for
335 min at 37 °C every 2.5 min, with 15 s of shaking between reads. In order to correct for
the fluorescence in the absence of A, control experiments were conducted by incubating
the assay buffer and 2 M HN or IGFBP-3 with 20 M ThT. The data were normalized by
plotting the change in the relative fluorescence units (RFU) in relation to the first
measurement at . The data were plotted using GraphPad Prism 8.3.1.

Immunodepletion.

MTT Assay.

The conditioned media were immunodepleted according to methods previously described.86
Briefly, specific antibodies were bound to the ELISA wells overnight. The wells were then
blocked and washed, and then the media were incubated with the antibodies bound to the
ELISA wells for 24 h. The immunodepleted media were then carefully removed and
analyzed for the presence of the target protein or peptide by ELISA. Significant depletion
(95-100%) was observed upon using each of the antibodies employed in this study.

The MTT reduction assay (Sigma-Aldrich), which is used to measure cell viability, was used
as we reported earlier.80.81.87 Cells were seeded in 96-well plates as indicated in 200 /L of a
10% FBS-supplemented medium per well and maintained overnight at 95% humidity and
5% CO,. After overnight incubation, the medium was replaced with 200 /L of a serum-free
medium, and the cells were then allowed to incubate for a further 24, 48, or 72 h. The final
concentration of DMSO in each well never exceeded 0.1%. Following treatment, the cells
were incubated for 4 h with MTT (0.5 mg/mL) in the dark. The medium was carefully
removed, and DMSO (100 L) was added in order to dissolve the formazan crystals. The
absorbance was measured at 570 nm in a plate reader. Untreated cells or wells containing
only DMSO and media were used as positive and negative controls, respectively. Statistical
analysis was conducted using GraphPad Prism ver. 8.3.1 software for Windows. Significant
values were considered at p < 0.05 and more significant values at p < 0.01, as compared to
the control.

Apoptosis Assays.

The cells were grown as described above, and then apoptosis was measured using the
annexin V human ELISA kit (Thermofisher) as we reported earlier.81 A matched antibody
pair was used in order to detect annexin88 in the cell culture medium and quantitated using a
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human Annexin V standard curve according to the manufacturer’s instructions. The plates
were washed following the addition of HRP conjugates and incubation for 30 min at rt.
Next, the TMB substrate was added to each well and incubated in the dark at rt. After 15
min, the TMB stop solution was typically added in order to terminate the reaction when the
blue color was apparent. Within 30 min after the reaction was stopped, the absorbance was
measured at 450 nm. Cells that were treated with a 0.1% DMSO vehicle control and
contained all the reagents except the primary antibodies were used as a control. The average
of all replicate nonspecific background signal controls was subtracted, and then the average
absorbance at 450 nm was calculated.

Statistical Analysis.

RESULTS

Each experiment in this study was performed in triplicate and repeated a minimum of three
times. Statistical values are expressed as the mean + SD. In order to evaluate the statistical
differences, Mann—Whitney or Kruskal-Wallis (ANOVA) tests were used. All the statistical
tests were two-sided, and a p-value of <0.05 was considered statistically significant in all
cases. GraphPad Prism (GraphPad Software ver. 8.3.1) was used for the statistical analysis.

IGFBP-3 Blocks the Binding of HN to Agin the Absence or Presence of AChE.

HN has been previously reported to bind A3.39:4046-48.89 | order to examine the binding of
HN to either Ap40 or Ap42, AB (100 nM) was bound to the plate wells. Increasing
concentrations of biotinylated HN were then added to the wells and processed as described
in the Experimental Procedures (Figure 2A). The optical density measurements (450 nm)
were normalized for both curves by expressing each point in relation to the best-fit Emax
value (set to 100%). The data were then plotted as a function of the increasing biotinylated
HN concentrations and fit to a single binding site model with a nonlinear regression curve
fitting approach using GraphPad Prism 8.3.1. No significant difference was observed
between the binding of HN to either AS.

Certain amino acids of HN are known to bind A, and F6 in particular is known to bind AS
or IGFBP-3.39.90 Wk therefore tested whether IGFBP-3 competes with Ag for binding HN
or whether it can be found in a complex with Agand HN. Since AChE is known to bind A,
7.51.53,54.59 e also examined this competition in the presence of AChE. Ag (100 nM) was
bound to the plate wells (Figure 2B and C). A single concentration of biotinylated HN (100
nM) or a combination of HN and AChE [biotinylated HN (100 nM) + AChE (100 nM)], was
incubated for 1 h without or with increasing concentrations of IGFBP-3 before loading into
the Ag coated wells, and the signal was processed as described in the Experimental
Procedures. Before the analysis of the data, the OD was corrected for nonspecific binding by
subtracting the mean background absorbance for the negative controls that contained all the
components except biotinylated HN. The data were then normalized by plotting the mean
absorbances for each concentration as a fraction of the maximal binding (set to 100%) and a
function of the IGFBP-3 concentrations. The data were analyzed using GraphPad Prism
8.3.1 with a nonlinear regression curve fitting approach. The IGFBP-3 concentration that
corresponded to 50% inhibition for AB40 in the presence of HN was found to be 93 + 16
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nM, while that for AB40 in the presence of both HN and AChE was found to be 74 + 14 nM.
Similar effects were observed for AB42. In the presence of Ag42 and HN, the IGFBP-3
concentration that corresponded to 50% inhibition was found to be 58 £ 11 nM while that
upon the addition of AChE was 39 £ 7 nM. These results show that HN binds with
comparable affinity to either AB40 or ApB42 but that IGFBP-3 is able to compete with Ag for
this binding. Moreover, the addition of AChE did not appear to modulate the effects of the
added IGFBP-3.

Both HN and AChE Can Simultaneously Bind AB, But Not in the Presence of IGFBP-3.

The binding of ABto AChE is well documented.51:53:54.59 |n order to test the binding of AS
to AChE, the enzyme (100 nM) was bound to ELISA plate wells. Then, increasing
concentrations of biotinylated Ag were added to the wells and processed as described in the
Experimental Procedures (Figure 3A). The optical density measurements (450 nm) were
normalized for both curves by expressing each point in relation to the best fitted Emax value
(set to 100%). The data were then plotted as a function of the increasing concentrations of
biotinylated Ag and fit using GraphPad Prism 8.3.1 to a single binding site model with a
nonlinear regression curve fitting approach. Data were expressed as the mean + SD of three
independent experiments, each of which was carried out in triplicate. No significant
difference was observed in the binding of AChE to either AB40 or AB42 (Figure 3A). These
results were not surprising, since previous reports®* showed that AChE binds to Ap12-28 as
well as to the ABL-16 peptide (Figure 1).

HN was shown previously to bind amino acid residues 17-28 of AB40.47 Since the binding
sites of AChE and HN on Ag overlap, we expected an antagonistic binding between HN and
AChE on Ag. In order to test this hypothesis, HN or Ag (0.2 tM) were bound to ELISA
plate wells. Biotinylated AS (0.2 ¢M) or biotinylated HN (0.2 zM) was pre-incubated with
increasing concentrations of AChE for 1 h at rt and then added to the wells in the absence or
presence of IGFBP-3 (0.2 or 2 xM). Data were expressed as the mean = SD of three
independent experiments. The optical density was normalized by plotting the mean
absorbance values for each concentration as a fraction of the maximal binding in the absence
of the added IGFBP-3 (set to 100%). The data were then plotted as a function of the AChE
concentrations (Figure 3B and C).

We were surprised to find that the increasing concentrations of AChE had little effect on the
ability of HN to bind AB. At equimolar concentrations of AChE (0.2 xM), only about a 10—
15% reduction was observed using either biotinylated Ag with HN or biotinylated HN with
Ap (Figure 3B and C). Moreover, there was only a 14-16% inhibition using 10-fold higher
concentrations of AChE. These results clearly show that both HN and AChE can bind A
simultaneously despite each being capable of directly binding amino acid residues 17-28 of
the Ag peptide (Figure 1).

The addition of an equimolar concentration (0.2 M) of IGFBP-3 and biotinylated Agto the
HN bound to the wells resulted in an approximatly 50% decrease in the signal relative to
samples without added IGFBP-3 (Figure 3B and C). Similarly, when Ag was first bound to
the wells the addition of equimolar concentrations of IGFBP-3 and biotinylated HN also
resulted in a comparable decrease in signal relative to the control without IGFBP-3.
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Increasing the concentration of added IGFBP-3 from 0.2 to 2 ¢M completely abolished the
signal. These results might suggest that the addition of equimolar concentrations of IGFBP-3
competes with Ag for binding HN; however, the addition of a 10-fold higher concentration
of IGFBP-3 is able to completely sequester HN, blocking its binding to AgS. Moreover, no
change in the signal was observed with increasing concentrations of AChE, suggesting that
the reduction of the signal observed upon the addition of either 0.2 or 2 zM IGFBP-3 was
due only to IGFBP-3 and not to AChE.

HN Is Unable to Reduce the Aggregation of Agin the Presence of IGFBP-3 In Vitro.

It is known that while both A peptides can form toxic oligomers and rapidly aggregate,
ApA42 aggregates faster and to a significantly greater extent than AB40.91 HN is known to
reduce the aggregation of A.38:39.47.48 Here, we examined the effect of added IGFBP-3 on
the ability of HN to reduce AB aggregation /n vitro. Pretreated monomeric Ag (2 (M) was
incubated with 2 M HN in the absence or presence of 2 or 6 /M IGFBP-3 (Figure 4).
Thioflavin fluorescence (Ex 440 nm, Em 484 nm) was monitored at 37 °C for 335 min every
2.5 min, with 15 s of shaking between reads. Assay buffer alone, IGFBP-3, or HN was used
as a blank. Each measurement was corrected for the fluorescence obtained without AB. The
change in the relative fluorescence units (RFU) to the first measurement at £ is shown. Not
surprisingly, ApB42 (Figure 4B) exhibited faster aggregation kinetics compared to those of
ApBAO (Figure 4A). For both AgSs, the addition of 2 1M IGFBP-3 reduced the ability of HN
to block aggregation of A, but only partially. These results might show that the addition of
equimolar concentrations of IGFBP-3 to HN and AgB allows IGFBP-3 to bind a portion of
HN, sequestering it away from A and increasing its aggregation. In support of this
hypothesis, the addition of 6 M IGFBP-3 to HN and A, each added at 2 tM, completely
abolished the ability of HN to block the aggregation of AS.

HN Abolishes the Aggregation of AgInduced by the Addition of AChE in the Absence of

IGFBP-3.

Since AChE does not appear to compete with HN for binding Ag (Figure 3), and since HN
and AChE are known to have opposing effects on the oligomerization of A,
36,37,43,46-48,51,53-55.59 \nig questioned whether HN retains its ability to reduce AS
aggregation (Figure 4) in the presence of AChE. Pretreated monomeric AS (2 1M, ABAQ,
AS-72215) or Ap42 (AS-72216) (Figure 5) was incubated with 2 M AChE, 2 /M HN, or
both in the absence or presence of 2 or 6 xM IGFBP-3. HN, IGFBP-3, or assay buffer alone
was used as a blank. Thioflavin fluorescence (Ex 440 nm, Em 484 nm) was monitored at 37
°C for 335 min every 2.5 min, with 15 s of shaking between reads. Each measurement was
corrected for the fluorescence measurement obtained without AS. As expected, the addition
of AChE to either Ap40 or ApB42 resulted in increased aggregation with changes in both the
lag phase and the final ThT fluorescence value (Figure 5). The addition of an equimolar
concentration of HN and AChE, however, reduced the aggregation of both AB40 (Figure 5A)
and Ap42 (Figure 5B) to almost the same level induced by HN alone. These results suggest
that HN binding to Ag reduces its aggregation despite the binding of AChE.

Incubation of an equimolar concentration of AB, AChE, HN, and IGFBP-3 (Figure 5)
partially diminished the ability of HN to reduce the aggregation of AgB. This is likely due to

Biochemistry. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Price et al.

Page 11

the ability of IGFBP-3 to compete with Ag for binding HN. In support of this possibility, the
addition of higher concentrations of IGFBP-3 (6 ¢M) to 2 M AB, AChE, and HN resulted
in aggregation kinetics comparable to those of Ag incubated with only AChE. These results
suggest that at higher concentrations IGFBP-3 is able to bind most HN and can better
compete with Ag for the interaction with HN.

AChE and HN Can Simultaneously Bind Agfrom the Media of A549 Cells.

Our /n vitro data (Figure 3) show that HN and AChE can be found together in a complex
with either AB40 or Ap42. We then wondered whether such a complex can be found in the
conditioned media of two human lung carcinoma NSCLC cell lines34 (A549 (p53-positive)
or H1299 cells with a p53-null genotype due to a biallelic deletion of the TP53 gene).3°
Anti-Ag specific antibodies (6E10) were added (1:1000 dilution) to the ELISA wells (Figure
6). These antibodies are known to react with the monomers, oligomers, and fibrils of A3%2:93
and recognize the N-terminal hydrophilic sequence amino acids 1-16 of AS. This epitope,
previously shown to be exposed in AB aggregates,® is believed to be residues 4-10.94 The
wells were blocked, and then 300 L of the conditioned medium (0.5 g/l of A549 cells or
H1299 cells, 72 h after serum starvation) was added. The amount of HN and AChE bound
was detected using the corresponding specific primary antibodies. The fold change values
relative to the controls that included all components but without the primary antibodies were
calculated and fit with a nonlinear regression curve using GraphPad Prism 8.3.1. Barely
detectable levels of AChE in the H1299 conditioned medium were found to bind AgB (Figure
6). This is not surprising, since we recently showed8! that there are minimal levels of AChE
in the conditioned medium of the p53-null cell line, H1299, compared to that of the medium
of the p53-positive cell line, A549. Consistent with this finding, detectable levels of AChE in
the A549 cell medium were found to bind Agthat is bound to its antibody, 6E10, in the
wells (Figure 6). In the conditioned media of both cell lines, HN was found bound to Ag as
well. These results, however, do not indicate whether HN and AChE are found in the same
complex with AB. In order to examine whether HN is able to compete off the binding of
AChE to Agbound to the immobilized 6E10 antibodies in the wells, we incubated the wells
with increasing concentrations of the HN peptide, followed by washing the unbound
material as described in the Experimental Procedures. The addition of exogenous HN
resulted in the increased binding of HN to Ag from both A549 and H1299 media bound to
its immobilized antibody, 6E10. In both cases, the signal increased and then began to level
off around 50 nM (Figure 6). At the highest concentrations of HN added (400 nM), the fold
increase relative to samples with no exogenous HN added was ~2.5-fold. This concentration
of HN is much higher than the concentrations of HN (~50 nM) we measured previously® in
the A549 medium. Despite this increase in the HN signal indicative of binding to Ag, there
was only a ~1.5-fold decrease in AChE binding to AB using the A549 medium, suggesting
that while HN blocks AChE binding to Ag it is unable to completely inhibit this interaction
at the concentrations used.
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Both AChE and HN Were Detected upon Using 6E10 AB Antibodies; However, Only AChE
Was Detected with 4G8, Al1l, and LOC Antibodies, and No Signal Is Observed for IGFBP-3
with Any of the Antibodies Used.

Anti-Apg antibodies 6E10 and 4G8 react with the monomers, oligomers, and fibrils of Ag.
92,93 The 6E10 antibody recognizes the N-terminal hydrophilic amino acid sequence 1-16 of
A% while 4G8 binds to a central hydrophobic sequence (residues 17-24).%4 Recent studies
using a high-resolution mapping approach showed that 6E10 more specifically maps to
amino acid residues 4-10, while the 4G8 epitope more specifically lies within residues 18—
22 (VFFAE) of AB.96 Both epitopes have been previously shown to be exposed in Ag
aggregates.?? In addition to the sequence specific 6E10 and 4G8 antibodies that recognize all
species of Agwithout regard to conformation, anticonformational antibodies were also used.
The anti-oligomer specific A11 polyclonal antibody, which recognizes all types of
prefibrillar oligomers but not monomers or fibrils, was used in order to distinguish the
oligomer among the different conformations. The anti-amyloid fibrils LOC antibody, which
recognizes epitopes common to amyloid fibrils and fibrillar oligomers but not monomers or
prefibrillar oligomers, was used in order to detect the amyloid fibrils.

Our results show that HN is able to reduce the aggregation of Ag /n vitro (Figure 4), which
is consistent with our previous findings.#® Since HN was previously found to reduce the
amount of toxic oligomers in vivo,%6 we tested whether HN is detected in a complex using
6E10, 4G8, Al1l, and LOC antibodies bound to ELISA plate wells. HN was detected upon
using the anti-6E10 antibodies (Figure 7), which is not surprising since the direct binding of
HN to ABis well documented.#7:48:89.97 No signal was detected, however, upon the
incubation of the media with the 4G8 antibody (Figure 7). Since this antibody recognizes
amino acid residues 17-24 as the epitope on AB,%49 it is likely that it acts to block the
ability of HN to bind residues 17-28. Minimal detection of HN was observed upon using
either A11 or LOC antibodies, suggesting that HN is likely not found in a complex with the
prefibrillar oligomers detected by A11 or the anti-amyloid fibrils and Ag fibrillar oligomers
detected by LOC (Figure 7).

It is known that AChE directly promotes the aggregation of Ag into amyloid fibrils.51:53-56 |t
was therefore not surprising to find AChE was bound upon using not only 6E10 and 4G8 but
also A1l and LOC antibodies (Figure 7). Less enzyme was found to be bound upon using
the 4G8 antibody (Figure 7). A likely explanation might be that while 4G8 may weaken
binding of AChE to Ag it is unable to completely block its binding to the peptide. This
observation is similar to that found upon using HN to examine the binding of AChE to AB
(Figure 6) and suggests that the binding of HN to residues 17-28 or 4G8 to residues 17-24
weakens but does not completely block the interaction of AChE with AgB. The fraction of
AChE bound to the anti-oligomer antibody (A11) or the anti-amyloid fibrils antibody (LOC)
must not contain HN, since no signal above the background was obtained using the HN
antibodies (Figure 7). No IGFBP-3 was detected upon using any of the antibodies tested,
suggesting that the protein is not found in complexes bound to these antibodies (Figure 7).
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Exogenously Added IGFBP-3 Results in a Reduction of HN Found in a Complex Using
6E10 Antibodies and Correlates with a Concomitant Increase in Amyloid Oligomers.

Our results (Figure 7) suggest that IGFBP-3 is not detected in a complex upon using 6E10,
4G8, All, or LOC antibodies, and that HN is detected in a complex with Ag only upon
using anti-6E10 antibodies. We therefore examined whether exogenously added IGFBP-3 is
able to sequester HN, resulting in changes in the conformation of Ag. Anti-Ap specific
antibodies (6E10) were added to the ELISA wells. The wells were blocked, and then 300 s
of the conditioned medium (0.5 g/l of A549 cells or H1299 cells, 72 h post serum
starvation) was added in the absence or presence of increasing IGFBP-3 concentrations
(Figure 8). IGFBP-3, HN, amyloid oligomers, and fibrils were detected using the
corresponding specific primary antibodies. The fold change relative to controls in the
absence of added IGFBP-3 (Figure 8A) or controls using 300 zL of the medium not
incubated with cells (Figure 8B and C) was calculated. The addition of IGFBP-3
concentrations (400 nM) (Figure 8A-C) that far exceed those we calculated previously for
IGFBP-3 in the A549 conditioned medium8° of ~45-50 nM did not result in detection of
IGFBP-3 in the complex obtained using 6E10 antibodies incubated with either the A549 or
the H1299 medium. As expected, and consistent with the results reported in Figure 6, HN
was detected in a complex using the 6E10 antibodies (Figure 8). The concentration of HN,
however, was diminished upon the addition of 50 nM IGFBP-3 (Figure 8A) and completely
depleted upon the addition of 100 nM IGFBP-3. No further decrease was observed upon the
addition of higher concentrations of the protein, suggesting that 100 nM IGFBP-3 is
sufficient in order to completely sequester the HN bound in a complex using the anti-6E10
antibodies (Figure 8A). In an inverse correlation with the HN levels, the addition of 50-100
nM IGFBP-3 resulted in increased signal detection of the amyloid oligomer by the anti-Al11l
antibody. That signal remained relatively constant upon the addition of increasing
concentrations of the protein (Figure 8). While similar trends were observed upon using the
anti-LOC antibody that detects the amyloid fibrils, the signal was increased only ~1.7-fold
compared to ~3.8-fold using anti-A11 antibodies relative to the control (Figure 8A). While
the levels of HN bound to the complex using anti-6E10 antibodies were comparable when
using the A549 or H1299 medium (~4-fold relative to the control) (Figure 8B and C), the
addition of IGFBP-3 resulted in a more modest increase in the signal when using the anti-
Al1 antibodies in H1299 at ~2.5-fold (Figure 8C) relative to the control with no IGFBP-3
compared to that detected under the same conditions using the A549 medium (~3.9-fold
relative to the control without IGFBP-3) (Figure 8B). Moreover, there was a ~1.6-fold
increase upon using the anti-LOC antibodies in the A549 medium relative to the control with
no IGFBP-3, while no signal was observed under the same conditions using the medium
from the H1299 cells (Figure 8C). These observations might be a result of a higher
expression of AChE in A549 as compared to H1299 (Figure 6), which might allow AChE
access to Ag and thus increase its aggregation in the A549 medium but not in the H1299
medium.
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Immunodepletion of HN Increases the Relative Abundance of Al11-Positive Prefibrillar
Oligomers and to a Lesser Extent the LOC-Positive Fibrillar Oligomers in A549 and H1299

Media.

Synthetic A peptides are known to oligomerize and aggregate when added to growth
media.2%:32:33 While the different forms of Ag are always in equilibrium, a linkage has been
shown to exist between the small soluble oligomers of AB, neuronal toxicity, and failure of
the synapse.?8 Solubles A oligomers were found to be more neurotoxic with a stronger
impact on synaptic loss and cognitive impairment than fibrils and insoluble larger
aggregates.8:32.98.99 Since the addition of synthetic AS peptides to the growth media is
known to form heterogeneous AgS assemblies due to the oligomerization and formation of
peptide aggregates,8-32:84 numerous studies have focused instead on examining the cell
toxicity of naturally synthesized cultured cell-derived Ag peptides. For example, /in vivo
inhibition of hippocampal long-term potentiation was specifically attributed to oligomeric
assemblies and not to monomers or fibrils of the naturally secreted human AB.28 Inhibition
of tumor cell proliferation positively correlated with increased naturally secreted AS
concentrations in the conditioned media enriched in Ag that was added to the following
three tumor cell lines: human glioblastoma multiforme, breast cancer, and mouse melanoma
cells.32

In order to examine the effects of HN, AChE, or IGFBP-3 on amyloid conformations, we
used specific primary antibodies in order to immunodeplete the medium of each component
and then tested for the abundance of oligomeric and fibrillar Ag conformations. Cells (0.2 x
10°) were grown in a 10% FBS-supplemented medium for 24 h. The medium was then
replaced with a serum-free medium, and the cells were allowed to incubate for 72 h.
Subsequent to the 72 h incubation, the medium was collected. The specific antibodies for the
immunodepletion (ID) were added to the ELISA wells (Figure 9). The wells were blocked,
and then 300 gL of the conditioned medium (0.5 g/, 72 h post serum starvation) was
added. After the overnight incubation, the immunodepleted medium was removed. The same
amount of protein (3 L of 600 wg/mL total protein) of each sample was then spotted onto a
nitrocellulose membrane (Figure 9). Since H1299 does not express IGFBP-334:72.100 gng
since the IGFBP-3 protein is not detected using any of the antibodies used here (6E10, 4G8,
All, LOC, Figures 7 and 8), anti-IGFBP-3 antibodies were used as a negative control
(Figure 9). The blots were either stained with Ponceau (Figure 9A) or incubated with
anti-6E10 (Figure 9B), anti-A11 (Figure 9C), and anti-LOC (Figure 9D) antibodies, and the
signal on the membrane was detected using the super signal west pico luminol
(chemiluminescence) reagent. The membrane was imaged using a Bio-Rad molecular
imager, and the signal was quantitated using ImageJ software (Experimental Procedures).
The dots from five independent experiments, each of which was carried out in triplicate,
were quantitated, averaged, normalized, and expressed as a fold change relative to the
control cells that were immunodepleted using the anti-IGFBP-3 antibodies (Figure 9E-G).

Immunodepletion of AChE (Figure 9BE) decreased the amount of AS detected using
anti-6E10 antibodies in the A549 medium, while no change was observed in the medium of
the H1299 cells compared to the control. These results support our previous findings8! that
show that there is minimal expression of AChE in H1299, likely due to its deficiency in p53.
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The decreased levels of Agin the A549 medium depleted of AChE might reflect the
elimination of the Ag fraction normally bound to AChE. Immunodepletion of HN from both
the A549 and H1299 media resulted in a comparable decrease in the levels of detected Ag
using the anti-6E10 antibodies (Figure 9B and E). These results suggest that AZ is normally
bound to a fraction of HN in the media.

No difference in the signal obtained using the anti-oligomer A11 antibody was observed
between the A549 medium immunodepleted of either AChE or IGFBP-3 compared to that of
H1299, which had minimal expression and no expression of AChE and IGFBP-3,
respectively (Figure 9C and F). These results are not surprising, since the removal of AChE,
which is known to increase Ag oligomer formation,>1:5455 is expected to reduce detection
by the A11 antibody. While the immunodepletion of IGFBP-3 is also expected to deplete a
fraction of HN associated with it, the lack of a signal above that obtained by using H1299
(Figure 9C and F), which does not express IGFBP-3, suggests that the protein is unable to
affect the fraction of HN bound to AgB in the A549 medium. This possibility might be
supported by the finding (Figure 8) that HN is found in a complex bound to the 6E10
antibodies, and that addition of ~50-100 nM exogenous IGFBP-3 is needed in order to block
this binding in either the A549 or H1299 medium. These results might also support the in
vitro data (Figures 4 and 5), which show that while IGFBP-3 is able to sequester HN by
increasing the aggregation of Ag in the absence or presence of AChE, higher concentrations
are needed in order to exhibit the full effect. The immunodepletion of HN resulted in an
increased oligomer signal detection by the anti-A11 antibodies in the media of both the
Ab549 and H1299 cells (Figure 9C and F). This signal was higher in the A549 medium
compared to that of H1299. The relatively high expression of AChE in A549 compared to
that in H1299 might explain the increased oligomer signal in the A549 medium, since the
immunodepletion of HN might lead to the increased aggregation of Ag caused by AChE.
Similar but much more modest results were obtained upon blotting for the amyloid fibrils
using anti-LOC antibodies (Figure 9D and G), suggesting that HN serves to bind Agand
largely reduces oligomer formation.

Since Al1 antibodies are known to recognize the oligomeric species of other polypeptides
that are amyloidogenic, such as human insulin, prion, and a-synuclein, 191 and, similarly,
since LOC antibodies recognize generic epitopes present in several amyloid fibrils and
fibrillar oligomers,101 we tested whether the increased signal obtained with the A11 (Figure
9C and F) or LOC (Figure 9D and G) antibodies upon the immunodepletion of HN
corresponded to that of AB. Immunodepletion with both HN and 6E10 completely blocked
the A1l and LOC signals in the media of both A549 and H1299 cells (Figure 9F and G).
These results suggest that HN is important in reducing amyloid oligomer formation, which
is consistent with previous reports showing that HN reduces the aggregation of Af3.37:46:48.89
We next tested whether exogenously added IGFBP-3 is able to bind HN and alter the AS
conformational states. The addition of 100 nM IGFBP-3 resulted in a ~4- and ~2.5-fold
increased signal using the anti-A11 antibodies in A549 and H1299, respectively, while a
~1.7-fold increase was detected using anti-LOC antibodies only in the A549 medium
(Figure 10). The addition of 400 nM IGFBP-3 did not have any further effect, suggesting
that a 100 nM concentration of IGFBP-3 is sufficient in order to bind HN in the media.
These results support those obtained in Figure 8.
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The Relative Amount of Oligomer vs the Total Amount of AgIncreases upon the
Immunodepletion of HN from the A549 or H1299 Cell-Conditioned Medium and Correlates
with Diminished Cell Viability and Increased Apoptosis.

Both epitopes recognized by the 6E10 and 4G8 antibodies have been previously shown to be
exposed in A aggregates.92:102 The 4G8:6E10 ratio was suggested to be a marker for the
relative amount of aggregated vs monomeric AB.102 In order to determine the effect of the
immunodepletion of AChE, IGFBP-3, or HN on this ratio as well as whether there was a
correlation with cell viability or apoptosis, 0.2 x 10° cells per well were seeded in 96-well
plates in a 10% FBS-supplemented medium. The next day, the cells were incubated in a
serum-free medium for 72 h and then immunodepleted of AChE, HN, or IGFBP-3 as
described in the Experimental Procedures. The antibodies 6E10 or 4G8 were bound (1:1000
dilution) to the ELISA wells. The wells were blocked and then incubated with 300 L of the
immunodepleted medium (0.5 pg/pl). Biotin-4G8 was then added, and the signal was
processed as described in the Experimental Procedures. The fold change relative to the
controls using anti-6E10 or anti-4G8 antibodies incubated with 300 zL of the medium not
incubated with the cells was calculated. For the cell viability and apoptosis assays, cells
were seeded in 96-well plates at 0.2 x 10° cells per well in 200 z4L of the 10% FBS-
supplemented medium. The next day, the cells were incubated in a serum-free medium for
12 h and then treated with the immunodepleted medium for 48 h. The medium containing
the specific components in the different treatments was replaced every 12 h.

Compared to the total amount of Ag, there was more oligomer in the A549 medium (~63%)
compared to that found in the H1299 (~48%) medium (Figure 11A and B). The
immunodepletion of AChE from the A549 medium decreased the total amount of Agin the
media to ~57%, results that are consistent with those obtained in Figure 9B and E where
~62% remained in the media. The amount of the oligomer was ~47% of the total amount of
ApS (Figure 11A), suggesting that removing AChE from the A549 medium reduces the
amount of the oligomer relative to undepleted medium. No change upon the
immunodepletion of AChE was observed in the H1299 medium, which is not surprising
since the expression of AChE is minimal in this cell line.81 The immunodepletion of HN
reduced the total amount of A in the media to ~63% in A549 and ~58% in H1299 in accord
with the results obtained in Figure 9B and E (~63% in A549 and ~57% in H1299).
Compared to the total amount of A that remained after HN immunodepletion, there was
relatively more oligomer (~86% of total) in the A549 medium compared to in H1299
(~69%). Those results are consistent with those in Figure 9 and might suggest that the
depletion of HN increases the ability of AChE to result in increased Ag oligomer formation
in the A549 medium. No effects were observed on either the total amount of Ag or the
oligomer formation upon the immunodepletion of IGFBP-3.

Since H1299 does not express IGFBP-334 with minimal expression of AChE,81 we asked
whether swapping the media affects either the cell viability or apoptosis. Incubation of A549
cells with a H1299 medium increased cell viability (Figure 11C) and correlated with
diminished apoptosis (Figure 11D). This observation suggests that the H1299 media might
either lack or contain additional components compared to that of A549, leading to an
increased cell viability and reduced apoptosis. The immunodepletion of AChE or IGFBP-3
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increased the A549 cell viability and reduced apoptosis but had no effect on H1299 (Figure
11C and D). This was not surprising as H1299 does not express IGFBP-3 with minimal
expression of AChE. In both cell lines, the immunodepletion of HN reduced the cell
viability (Figure 11C and D) and correlated with increased apoptosis, suggesting that HN
plays an important role in regulating these cellular processes.

DISCUSSION

Earlier reports showed that HN binds A.39:40:46-48.89 4N was found to bind amino acid
residues 17-28 of AB40,%” decreasing the amount of toxic oligomers /in vivo,*8 while AChE
binds amino acid residues 1-16 and 12—28 of AS (Figure 1),%4 directly promoting AB40
aggregation and its assembly into amyloid fibrils. As AChE and HN can both bind residues
17-28 of ApB, they may serve to regulate the central domain (residues 17-24) flanked by
Lys16 and Lys28, which is known to be important in the formation of fibrillar Ag
aggregates,60-62

No significant difference was observed between the binding of HN to either AB40 or Ap42
(Figure 2A). As amino acid F6 of HN is known to bind IGFBP-3 or AS,3990 we tested
whether IGFBP-3 was able to compete with Ag for binding HN. Moreover, since AChE is
known to bind A, 751535459 e tested this competition in the presence of AChE. We found
that HN binds to either Ap40 or AB42 with comparable affinity, and that IGFBP-3 is able to
compete with Ag for this binding. For both AB40 and AB42, no difference was observed
upon the addition of AChE on the competition of IGFBP-3 with Ag for binding HN (Figure
2B and C), suggesting that IGFBP-3 can block the binding of HN to Agin the absence or
presence of AChE.

Binding of AChE to Ag has been previously documented.51:53:54.59 Both AB40 and Ap42
bound AChE (Figure 3A), which is not surprising since AChE was shown previously>* to
bind AB (12-28) as well as the AS (1-16) peptide (Figure 1). Since HN was found earlier to
bind amino acid residues 17-28 of Ap40,4” and since the HN and AChE binding sites on AS
are overlapping, we expected an antagonistic binding between HN and AChE on AB. We
were surprised, however, to find that the addition of increasing concentrations of AChE had
a minimal effect on the ability of HN to bind AB. Equimolar concentrations of AChE
resulted in only about a 10-13% reduction in the binding of either AB40 or AB42 to HN
(Figure 3B and C). The addition of 10-fold higher concentrations of AChE only resulted in a
14-16% inhibition of Ag binding to HN. These results suggest that both HN and AChE can
bind Ag simultaneously despite each being able to directly bind amino acid residues 17-28
of the peptide (Figure 1). This binding of HN and AChE to AB was blocked by the addition
of IGFBP-3 (Figure 3B and C). Equimolar concentrations of IGFBP-3 resulted in an
approximately 50% decrease in the binding of Agto HN while increasing the concentration
of added IGFBP-3 10-fold, which completely abolished the signal relative to samples
without added IGFBP-3 (Figure 3B and C). These results might indicate that at equimolar
concentrations IGFBP-3 competes with A for binding HN but that at higher concentrations
IGFBP-3 is able to completely sequester HN, thereby blocking its binding to Ag (Figure 3B
and C).
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Both Ag peptides are known to form toxic oligomers and rapidly aggregate, with Ap42
aggregating faster and to a greater extent than AB40,%1 while HN is known to decrease the
aggregation of A3.38:3947:48 Consistent with these reports, Ag42 (Figure 4B) exhibited
faster aggregation kinetics compared to those of AB40 (Figure 4A), and HN was able to
reduce the aggregation of both AB40 and AB42. For both Ags, the addition of equimolar
concentrations of IGFBP-3 partially reduced the ability of HN to block the aggregation of
Ap, while the addition of 3-fold higher concentrations of the protein completely blocked the
HN effects. These results might indicate that equimolar concentrations of IGFBP-3 bind a
portion of the HN, sequestering it away from Agand resulting in increased aggregation;
however, higher concentrations of IGFBP-3 are necessary in order to bind HN, leading to
aggregation kinetics similar to those using Ag alone (Figure 4).

Since the central domain of Agis critical for fibrillar aggregation, AChE may bind this
region, inducing or enhancing AgS aggregation. Meanwhile, HN may act to bind Ag and
shield this hydrophobic region, thereby blocking the binding of other Ag monomers to this
region; this would effectively arrest any further growth of the A aggregates. Residues 5-15
of HN were found earlier to bind residues 17-28 of AB40,%’ a region essential for Ag
oligomerization and fibril formation. Recently, we showed that HN (5-15) was a more
effective inhibitor of AB40-HN interactions than Ag (17-28).48 The peptide HN (5-15,
L11S), where Ser replaced the conserved Leull, reduced the ability of HN (5-15) to
compete with the Ap40-HN interactions. This might highlight the importance of the
hydrophobic amino acid residues in regulating the binding and formation of the HN-AS
complex. Amino acids 22 and 23 of ABwere shown previously103104 to form a Bturn,
which allows for intermolecular parallel g-sheet formation between segments 3-21 and 24—
42 and results in aggregation. It was also found earlier that the substitution of two
phenylalanine residues, F19 and F20, with alanine95-107 or proline® reduced fibril
formation. These aromatic residues, located within the 17-21 self-recognition element
(SRE) of AB, are known to promote Ag aggregation into toxic oligomers or fibrils.108-111
Substitution of the L-form of F19 or F20 or both F19 and F20 with their p-enantiomers12 in
an AB (14-23) peptide construct abolished the formation of ThT-positive aggregates. It is
thus likely that the binding of HN hinders AB aggregation due to binding to region 17-28 of

AB.

Our results suggest that AChE does not compete with the binding of HN to Ag (Figure 3).
However, since HN and AChE are known to have opposing effects on Ag oligomerization,
36,37,43,46-48,51,53-55,59 \ve tested whether HN can reduce A aggregation (Figure 4) in the
presence of AChE (Figure 5). An increased aggregation of AB40 or Ap42 was observed
upon the addition of AChE, with changes in both the lag phase and the final ThT
fluorescence (Figure 5). The addition of equimolar concentrations of HN and AChE,
however, reduced the aggregation of both AB40 and AB42 almost to the same levels as those
resulting from the addition of only HN, suggesting that HN is able to reduce the aggregation
of Ag despite the presence of AChE. The ability of HN to reduce the aggregation of Agwas
partially diminished upon the incubation of equimolar concentrations of Ag, AChE, HN, and
IGFBP-3 (Figure 5) and was completely blocked upon the addition of 3-fold higher
IGFBP-3 concentrations. Comparable to the results obtained in Figure 4, these findings
indicate that at higher concentrations IGFBP-3 can bind and sequester most HN and better
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compete with Ag for interactions with HN, leading to aggregation kinetics comparable to
those of Ag incubated with only AChE (Figure 5).

Since our /n vitro data (Figure 3) suggest that HN and AChE can be found together in a
complex with Ag, we wondered whether such a complex can be detected in the conditioned
media of two human lung carcinoma NSCLC cell lines®* (A549 (p53-positive) or H1299
cells with a p53-null genotype due to a biallelic deletion of the TP53 gene).3> Anti-A8
specific antibodies (6E10) (Figure 6) that recognize the N-terminal hydrophilic sequence 1—
16 of A were shown to be exposed in Ag aggregates® and are known to react with
monomers, oligomers, and fibrils®2:93 bound to the ELISA wells, followed by an incubation
with the conditioned medium from A549 or H1299 cells 72 h post serum starvation. AChE
was detected in the medium of the A549 cells, while barely detectable levels of AChE were
found in the H1299-conditioned medium (Figure 6). These results are not surprising, since
we recently showed®! that there are minimal levels of AChE in the conditioned medium of
the p53-null cell line, H1299, as compared to that of the p53-positive cell line, A549. In both
cell lines, HN from the conditioned media was found bound to AS (Figure 6). These results,
however, provide no information on whether HN and AChE are found in the same complex
with AgB. In order to test whether HN can compete off the binding of AChE with Agbound
to the immobilized 6E10 antibodies in the wells, increasing concentrations of HN (Figure 6)
were added. Using the media from both cell lines, the addition of exogenous HN resulted in
increased binding of HN to Ag bound to its immobilized antibody 6E10. In both cases, there
was an increased signal that began to level off around 50 nM HN, with a ~2.5-fold increase
with the highest concentration of HN added (400 nM) relative to samples with no exogenous
HN added. However, despite this increase in the HN signal indicative of binding to Ag, only
a ~1.5-fold decrease in AChE binding was found (Figure 6) using the A549 medium,
suggesting that while HN blocks the binding of AChE to Ag it is unable to completely
inhibit this interaction.

We next tested whether HN is detected in a complex by using 6E10 and 4G8 antibodies
known to react with the monomers, oligomers, and fibrils of AF%2:93 with anti-oligomer
specific A11 antibodies that recognize all types of prefibrillar oligomers but not monomers
or fibrils, and with anti-amyloid fibril LOC antibodies that recognize epitopes common to
amyloid fibrils and fibrillar oligomers but not monomers or prefibrillar oligomers. Since
direct binding of HN to Agis well documented,*’:48:89.97 HN was not surprisingly detected
upon using 6E10 antibodies (Figure 7). No signal was detected, however, upon the
incubation of the media with the 4G8 antibody. As this antibody recognizes the central
hydrophobic sequence of amino acid residues 17—-24% with its epitope located within
residues 18-22 (VFFAE) of AB,949 it is plausible that it binds this region and blocks the
ability of HN to bind to residues 17-28. Minimal signal detection of HN was found upon
using either A11 or LOC antibodies, indicating that HN is likely not found in a complex
with prefibrillar oligomers detected by the anti-A11 or anti-amyloid fibrils and the AS
fibrillar oligomers detected by the anti-LOC antibodies. Since AChE has been reported
previously to directly promote the aggregation of Ag into amyloid fibrils,>1:53-56 we
expected to find the protein bound in a complex using not only 6E10 and 4G8 but also A11
and LOC. However, less enzyme was found to be bound upon using the 4G8 antibodies. A
likely explanation might be that while the addition of 4G8 does not block the binding of

Biochemistry. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Price et al.

Page 20

AChE to Ag, it reduces its binding by competing for binding residues 17-24 of Ag (Figure 1
and Figure 7). These finding are comparable to those found upon using HN in order to
examine the binding of AChE to Ag (Figure 6) and suggest that the binding of HN to
residues 17-28 or binding of 4G8 to residues 17-24 diminishes but does not completely
block the interaction of AChE with AS. Moreover, the fraction of AChE bound to the anti-
oligomer antibody, A11, or the anti-amyloid fibril antibody, LOC, must not contain HN,
since no signal above the background was observed when using the HN antibodies. IGFBP-3
was not detected upon using any of the antibodies tested, suggesting that the protein is not
found in complexes bound to these antibodies.

Since we did not detect IGFBP-3 in a complex using the 6E10, 4G8, Al1, or LOC
antibodies (Figure 7), we tested whether exogenously added IGFBP-3 can bind and
sequester HN and result in changes in the conformation of Ag. The addition of 400 nM
IGFBP-3, which was far above those we measured previously for IGFBP-3 in A549-
conditioned media8® of ~45-50 nM, did not result in binding of IGFBP-3 in the complex
bound to 6E10 antibodies incubated with either the A549 or H1299 medium (Figure 8A-C).
The HN concentration detected in a complex using 6E10 antibodies was diminished upon
the addition of 50 nM IGFBP-3 and completely depleted upon the addition of 100 nM
IGFBP-3 (Figure 8A), with no further decrease observed upon the addition of higher
concentrations of the protein; this suggests that 100 nM IGFBP-3 is sufficient in order to
completely sequester the HN bound in a complex using the anti-6E10 antibodies. A
concomitant increase in amyloid oligomer formation detected using anti-Al11 antibodies was
found upon the addition of 50-100 nM IGFBP-3 and was not further changed upon the
addition of increasing concentrations of the protein (Figure 8A). While similar results were
obtained using the anti-LOC antibody that detects amyloid fibrils, the signal was increased
only ~1.7-fold relative to the control compared to ~3.9-fold when using the anti-Al11
antibodies. In the absence of added IGFBP-3, the levels of HN in the conditioned media
bound to the complex using anti-6E10 antibodies were comparable when using either the
A549 or H1299 cell medium (~4-fold relative to control). The incubation of anti-6E10
antibodies with the A549 cell medium supplemented with exogenously added IGFBP-3
resulted in a ~3.9-fold increase in the signal detection by the anti-A11 antibodies compared
to a ~2.5-fold signal increase detected under the same conditions when using the H1299
medium (Figure 8B and C). Using the anti-LOC antibodies in the presence of media with
exogenously added IGFBP-3 showed a ~1.59-fold increase in signal using the A549 medium
and no increase from the H1299 medium under the same conditions (Figure 8B and C).
These results might be a consequence of the presence of AChE in the A549 medium and not
the H1299 medium (Figure 6), enhancing oligomerization of Agwhen HN is sequestered by
IGFBP-3.

When added to the growth media, synthetic A peptides are known to oligomerize and
aggregate.2532:33 Soluble oligomers of A have been shown to be associated with more
neuronal toxicity and failure of the synapse compared to those of fibrils and insoluble larger
aggregates.8:32.98.99 On the other hand, A monomers from the conditioned media were
previously found to be neuroprotective, devoid of toxicity, and able to activate the IGF-IR in
neuronal cells, leading to activation of the PI3-K/AKT pathway and regulating the function
of cyclic adenosine monophosphate response element binding protein (CREB).113 Since
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synthetic Ag peptides added to the cell growth media are known to form heterogeneous Ag
assemblies due to the oligomerization and formation of peptide aggregates,8-32:84 we have
focused instead on examining AB conformations and the function of naturally synthesized
cultured cell-derived AB peptides. The immunodepletion of AChE (Figure 9B and E)
decreased the amount of AgBin the A549 medium, which might reflect the elimination of the
Ap fraction normally bound to AChE. In support of our previous findings®! that showed that
there is a minimal expression of AChE in H1299, likely due to its deficiency in p53, no
change in the Ag levels was observed in the medium of the H1299 cells immunodepleted of
AChE as compared to the control (Figure 9B and E). A comparable decrease in the levels of
detected Ag was found upon the immunodepletion of HN from both the A549 and H1299
media, indicating that Agis normally bound to a fraction of HN in the media of both cell
lines (Figure 9B and E).

Since AChE is known to increase A oligomer formation,>1>455 the immunodepletion of
AChE was predicted to reduce detection by the A1l antibody. In support of this prediction,
no difference in the Al1 signal was observed between the A549 media immunodepleted of
either AChE or IGFBP-3 as compared to that of H1299, which does not express IGFBP-334
with minimal expression of AChE.8! In the media of both the A549 and H1299 cells (Figure
9C and F), the immunodepletion of HN resulted in increased oligomer signal detection using
the anti-Al1 antibodies. This signal was higher when using the A549 cell medium compared
to that of the medium from the H1299 cells. Similar but much more modest effects were
obtained upon blotting for amyloid fibrils using anti-LOC antibodies (Figure 9D and G).
These results might indicate that HN serves to bind AB, mainly leading to reduced oligomer
formation. Since A1l antibodies have been shown to detect oligomeric species of other
amyloidogenic polypeptides, such as a-synuclein, human insulin, and prion,°1 and
similarly since LOC antibodies can recognize generic epitopes present in several amyloid
fibrils and fibrillar oligomers, we examined whether the increased signal obtained with anti-
Al1 (Figure 9C and F) or anti-LOC (Figure 9D and G) antibodies upon HN
immunodepletion corresponded to that of AS. Immunodepletion of the media using both
6E10 and HN antibodies completely blocked the A11 and LOC signal in the media of both
the A549 and H1299 cells (Figure 9F and G). These findings suggest that HN is important
for reducing amyloid oligomer formation, results that are consistent with previous reports
showing that HN reduces Ag aggregation.37:46:48.89 The increased oligomer signal in the
A549 medium relative to that of H1299 might be due to the relatively high expression of
AChE in A549 compared to that of H1299. Immunodepletion of HN might, therefore,
increase the aggregation of A caused by AChE in the absence of HN.

We next tested whether the exogenous addition of IGFBP-3 to the conditioned media can
bind and sequester HN, increasing the signals obtained using the A11 and LOC antibodies
(Figure 10). The addition of 100 nM IGFBP-3 to the media of either cell line resulted in an
increased signal using the A1l antibodies (Figure 10), while the signal detected upon using
the LOC antibodies was only observed when using the medium from the A549 cells. No
further increase in signal was detected upon the addition of 400 nM IGFBP-3, suggesting
that 100 nM concentrations of IGFBP-3 are sufficient in order to bind HN in the media;
these results support those obtained in Figure 8.

Biochemistry. Author manuscript; available in PMC 2021 June 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Price et al.

Page 22

Both epitopes recognized by the the 6E10 and 4G8 antibodies have been reported to be
exposed in AB aggregates.83:93 The 4G8:6E10 ratio was proposed as a marker for the
relative amount of aggregated vs monomeric AB.192 The physiological concentration of
ApBA2 was reported previously in a range between 1 and 20 nM.82 The plasma levels of the
total amount of AB (AB40 or AB42) were not found to be significantly different in patients
with lung cancer.23 More oligomer, compared to the total amount of AS, was detected in the
A549 medium compared to that found in the H1299 medium (Figure 11A and B). The
immunodepletion of AChE from the A549 medium reduced both the total amount of Agand
the amount of the oligomer relative to the control medium, while no change compared to
control was found upon AChE immunodepletion from the H1299 medium (Figure 11A and
B). This is not surprising, as H1299 cells express minimal levels of AChE.81 HN
immunodepletion decreased the total amount of Ag in the media from both A549 and H1299
cells; however, a relatively higher percent of oligomer of the total amount of A was found
in the A549 medium compared to that from the H1299 cells (Figure 11A and B). Those
results support those obtained in Figure 9 and might suggest that the depletion of HN
increases the ability of AChE to promote Ag oligomer formation. The immunodepletion of
IGFBP-3 had no effect (Figure 11A and B) on either the total amount of Ag or the oligomer
formation when using the medium from either cell line.

The incubation of A549 cells with the H1299 medium resulted in increased cell viability
(Figure 11C) and correlated with diminished apoptosis (Figure 11D). Conversely, cell
viability decreased with a corresponding increase in apoptosis upon the incubation of H1299
cells with the A549 cell medium. This observation might be due to the lack of IGFBP-3
expression34 in H1299 cells and a minimal expression of AChE.81 In support of this
hypothesis, the immunodepletion of AChE or IGFBP-3 increased A549 cell viability and
decreased apoptosis with no effect on the H1299 cells. The immunodepletion of HN
diminished cell viability, which correlated with increased apoptosis in both cell lines,
suggesting that HN has an important role in these cellular processes.

Our results shed light on a mechanism whereby IGFBP-3 binds HN, blocking it from
binding AB. This then results in increased AS aggregation, an effect further exaggerated in
the presence of AChE, increasing apoptosis and decreasing cell viability (Figure 12).
Findings from this work might allow a rational design of smaller peptides as tools in order to
investigate the basic principles of protein/peptide interactions aimed at inhibiting amyloid
formation and increasing our fundamental understanding of the molecular underpinnings
governing the interlinkages between biomolecular interactions and amyloid assembly.
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ABBREVIATIONS

AB amyloid-g

IGFBP-3 insulin-like growth factor binding protein-3
AChE acetylcholinesterase

HN humanin

ThT thioflavin T dye

AD Alzheimer’s disease

RFU relative fluorescence units

ID immunodepletion
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A
AB40 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
AB42 DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
B

Sequence of AB42: DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figurel.
Experimental methods show that HN and AChE bind a shared sequence on Ap42. (A) The

amino acid sequence of Ap40 and AB42. (B) AChE binds to regions AS 1-16 as well as AS
12-28. HN binds to region 17-28.
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Figure2.

Increasing concentrations of IGFBP-3 bind HN and abolish its binding to Ag in the absence
or presence of AChE. (A) Interaction of Ag40 (M) or AB42 (@) with biotinylated HN. A8
(100 nM) was bound to the wells. Increasing concentrations of biotinylated HN were then
added and processed as described in the experimental procedures. Optical density
measurements (450 nm) were normalized by expressing each point in relation to the best-fit
Emax value (set to 100%). The data were then plotted as a function of the increasing
biotinylated HN concentrations. Using GraphPad Prism 8.3.1, the data were fit to a single
binding site model with a nonlinear regression curve fitting approach and plotted as the
mean + SD of three independent trials, each of which was run in triplicate. (B and C)
Competition of IGFBP-3 for the complex between HN and AB40 or Ap42. AS (100 nM)
was bound to the plate wells. Then, a single concentration of biotinylated HN (100 nM, @)
or a combination of HN and AChE [biotinylated HN (100 nM) + AChE (100 nM)] (H) was
incubated for 1 h with or without increasing concentrations of IGFBP-3 and loaded into the
Ap coated wells. The signal was then processed as described in the Experimental
Procedures. Arrows on the x-axis indicate the IGFBP-3 concentration corresponding to 50%
inhibition for each of the following curves: Ap40 (@, 93 = 16 nM), AB40 (M, 74 £ 14 nM),
Ap42 (@, 58 £ 11 nM), and AB42 (M, 39 £ 7 nM). The dashed line indicates 50% of the
maximum binding. Prior to data analysis, the OD was corrected for nonspecific binding by
subtracting the mean background absorbance for the negative controls prepared with all
components except biotinylated HN. Data were then normalized by plotting the mean
absorbances for each concentration as a fraction of the maximal binding (set to 100%) and
as a function of the IGFBP-3 concentrations. Using GraphPad Prism 8.3.1, the data were
analyzed with a nonlinear regression curve fitting approach then expressed as the mean + SD
of three independent experiments, each of which was carried out in triplicate.
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Figure 3.
IGFBP-3, but not AChE, blocks the binding of HN and Ag. (A) Interaction of AChE with

ApBA0 (M) or ApA2 (@). AChE (100 nM) was bound to the plate wells. Increasing
concentrations of biotinylated Ag were then added to the wells and processed as described
in the Experimental Procedures. Optical densities (450 nm) were normalized for both curves
by expressing each point relative to the best fitted Emax value (set to 100%). The data were
then plotted as a function of the increasing biotinylated A concentrations and, using
GraphPad Prism 8.3.1, fit to a single binding site model with a nonlinear regression curve
fitting approach. Data were expressed as the mean £ SD of three independent experiments,
each of which was carried out in triplicate. (B and C) HN or AS (0.2 ¢M) was bound to the
wells. Biotinylated AB (0.2 xM) or biotinylated HN (0.2 M) was then pre-incubated with
increasing concentrations of AChE for 1 h at rt and then added to the wells in the absence or
presence of IGFBP-3 (0.2 4M or 2 uM). For samples without IGFBP-3, the optical density
measurements were normalized by plotting the mean absorbances for each concentration as
a fraction of the maximal binding (set to 100%), followed by plotting the data as a function
of AChE concentrations. The negative control had the same concentrations of HN or Agand
AChE, but water was substituted in place of biotinylated A or biotinylated HN. For
samples with IGFBP-3, the optical density was expressed as percent of the corresponding
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sample without IGFBP-3. Data were presented as the mean + SD of three independent
assays.
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Figure 4.

HN reduced Ag aggregation, an effect reversed upon the addition of IGFBP-3. Pretreated
monomeric AS (2 1M) was incubated with 2 M HN in the absence or presence of 2 or 6
UM IGFBP-3 ((A) AB40, AS-72215 and (B) Ap42, AS-72216). Thioflavin fluorescence (Ex
440 nm, Em 484 nm) was monitored at 37 °C for 335 min every 2.5 min, with 15 s of
shaking between the readings. Assay buffer alone, IGFBP-3, or HN was used as a blank.
Each measurement was corrected for the baseline fluorescence in the absence of Ag. The
change in fluorescence units (RFU) relative to the first measurement at £ is shown. The data
were normalized to the maximum ThT level and plotted using GraphPad Prism 8.3.1.
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Figureb5.
HN blocks the aggregation of Aginduced by the addition of AChE, an effect abolished upon

the addition of IGFBP-3. Pretreated monomeric Ag (2 1M) was incubated with 2 /M AChE,
2 M HN, or both in the absence or presence of 2 or 6 M IGFBP-3 ((A) AB40, AS-72215
and (B) Ap42, AS-72216). Assay buffer alone, HN, or IGFBP-3 was used as a blank.
Thioflavin fluorescence (Ex 440 nm, Em 484 nm) was monitored at 37 °C for 335 min every
2.5 min, with 15 s of shaking between readings. Each measurement was corrected for the
baseline fluorescence in the absence of AgB. The change of the RFU in relation to the first
measurement at % is shown. The data were normalized to the maximum ThT level and
plotted using GraphPad Prism 8.3.1.
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Figure 6.

Both AChE and HN were found in a complex with A from the medium of A549 cells using
6E10 antibodies; however, the addition of an exogenous HN peptide reduced but did not
abolish the binding of AChE to AB. Anti-Ag specific antibodies (6E10) were added (1:1000
dilution) to the ELISA wells. The wells were blocked, and 300 £L of the conditioned
medium (0.5 g/l of A549 cells or H1299 cells, 72 h after serum starvation) was added.
The amount of HN and AChE bound was detected using the corresponding specific primary
antibodies and then processed as described in the Experimental Procedures. The fold change
relative to the controls incubated with all components except the primary antibodies was
calculated and fit with a nonlinear regression curve using GraphPad Prism 8.3.1. The data
represent the mean + SD of three separate experiments, each of which was performed in
triplicate.
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Figure 7.

HN was detected upon using AB 6E10 antibodies, while different levels of AChE were
detected using all the amyloid antibodies. Cells (0.2 x 10° cells per well) were seeded in 96-
well plates in a 10% FBS-supplemented medium. The next day, the cells were incubated in a
serum-free medium for 72 h. Specific antibodies were added (1:1000 dilution) to the ELISA
wells. After blocking the wells, 300 4L of the A549 cell conditioned medium (0.5 g/, 72
h post serum starvation) was added. The proteins and peptides were detected using their
corresponding primary antibodies and then processed as described in the Experimental
Procedures. Each column represents the mean + SD of three independent and separate
experiments, each of which was performed in triplicate. Data processing was carried out
using the GraphPad 8.3.1 software. Asterisks (*) indicate a statistically significant difference
between each treatment relative to the mIgG controls. The absence of asterisks indicates no
significance (Mann-Whitney test, *p < 0.05, **p < 0.01).
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Figure8.

The concentration of HN found in a complex using 6E10 antibodies is reduced upon the
addition of IGFBP-3 and correlates with an increase in the amount of amyloid oligomers.
Anti-Ag specific antibodies (6E10) were added (1:1000 dilution) to the ELISA wells. The
wells were blocked, and then 300 L of the conditioned medium (0.5 g/l of A549 cells or
H1299 cells, 72 h after serum starvation) was added in the absence or presence of increasing
IGFBP-3 concentrations. IGFBP-3, HN, amyloid oligomers, and fibrils were detected using
the corresponding specific primary antibodies and then processed as described in the
Experimental Procedures. The fold change relative to the controls with no IGFBP-3 (A) or
using 300 L of the medium not incubated with cells (B and C) was calculated. The curves
(A) were fit with a nonlinear regression curve using GraphPad Prism 8.3.1. The data
represent the mean + SD of three separate assays, each of which was performed in triplicate.
Asterisks (*) indicate a statistically significant difference from the corresponding cell line
control, *p < 0.05 and **p < 0.01, of each cell line. The absence of asterisks indicates no
significance (Mann-Whitney test).
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The relative abundance of Al1l-positive prefibrillar oligomers, and to a lesser extent the
LOC-positive fibrillar oligomers, is increased in the A549 and H1299 media
immunodepleted of HN. Cells (0.2 x 10°) were grown in a 10% FBS-supplemented medium
for 24 h. The cells were then incubated in a serum-free medium for 72 h, and the medium
was collected. The indicated antibodies for the immunodepletion (ID) were added (1:1000
dilution) to the ELISA wells. After blocking the wells, 300 s of the conditioned medium
(0.5 g/, 72 h post serum starvation) was added. Subsequent to incubation overnight, the
immunodepleted medium was removed, and the same amount of protein (3 4L of 600 pg/mL
total protein) of each sample was spotted onto a nitrocellulose membrane. The blots were
either stained with Ponceau (A) or incubated with anti-6E10 (B), anti-A11 (C), or anti-LOC
(D) antibodies, and the signal on the membrane was detected using the super signal west
pico luminol (chemiluminescence) reagent. The membranes were imaged with a Bio-Rad
molecular imager and quantitated with ImageJ software. The dots from five independent
assays, each of which was carried out in triplicate, were quantitated, averaged, normalized,
and expressed as a fold change relative to the control medium (IGFBP-3). The graphs (E-G)
were prepared using the GraphPad 8.3.1 software and summarize the results expressed as the
mean + SD. Asterisks (*) indicate a statistically significant difference from the
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corresponding cell line control, *p < 0.05 and **p < 0.01, of each cell line. The absence of
asterisks indicates no statistical significance (Mann-Whitney test).
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Figure 10.
Exogenously added IGFBP-3 increases the relative abundance of Al1-positive prefibrillar

oligomers and to a lesser extent the LOC-positive fibrillar oligomers in both A549 and
H1299 media. Cells (0.2 x 10°) were grown in a 10% FBS-supplemented medium for 24 h.
The cells were then incubated in a serum-free medium for 72 h, and the medium was
collected. IGFBP-3 was added exogenously to 10 4L of the conditioned medium (0.5 g/l
72 h post serum starvation) and allowed to incubate for 2 h. Following the incubation, 3 L
portions of the samples were spotted onto a nitrocellulose membrane. The blots were stained
with either A11 or LOC antibodies, and the signal on the membrane was detected using the
super signal west pico luminol (chemiluminescence) reagent. The blots were then imaged
with a Bio-Rad molecular imager and quantitated with ImageJ software. The dots from five
independent assays, each of which was performed in triplicate, were quantitated, averaged,
normalized, and expressed as fold change relative to the control with no added IGFBP-3.
GraphPad 8.3.1 software was used in order to prepare the graphs, which summarize the
results and are expressed as mean + SD. Asterisks (*) indicate a statistically significant
difference from the corresponding cell line control, *p < 0.05 and **p < 0.01, of each cell
line. The absence of asterisks indicates no significance (Mann-Whitney test).
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Figure11.
Immunodepletion of HN from an A549 or H1299 cell-conditioned medium increases the

relative amount of oligomer vs the total amount of Ag, decreasing cell viability and
increasing apoptosis. (A and B) Cells (0.2 x 10° cells per well) were seeded in 96-well
plates in a 10% FBS-supplemented medium. The next day, the cells were incubated in a
serum-free medium for 72 h and then immunodepleted (ID) of AChE, HN, or IGFBP-3 as
described in the Experimental Procedures and in the Figure 9 legend. The antibodies 6E10
or 4G8 were bound (1:1000 dilution) to the ELISA wells. The wells were blocked and then
incubated with 300 gL of the ID medium (0.5 g/yL). Biotin-4G8 was then added, and the
signal was processed as described in the Experimental Procedures. The fold change relative
to the controls using anti-6E10 and anti-4G8 antibodies and 300 yL of the medium not
incubated with cells was calculated. Viability (C) or apoptosis (D) of the A549 or H1299
cells was assessed by the MTT assay or the annexin V method, respectively. Cells were
seeded in 96-well plates at 0.2 x 10 cells per well in 200 /1 of a 10% FBS-supplemented
medium. The next day, the cell monolayers were incubated in a serum-free medium for 12 h
and then treated with the immunodepleted medium for 48 h, with the medium containing the
specific components in the various treatments replaced every 12 h. Data were processed
using the GraphPad 8.3.1 software. The graphs summarize the results expressed as the mean
+ SD of three separate experiments, each of which was performed in triplicate. Asterisks (*)
indicate a statistically significant difference relative to the control. The absence of asterisks
indicates no significance (Mann-Whitney test, *p < 0.05 and **p < 0.01).
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Figure 12.
A graphic representation of the key findings of the current investigation. Binding of HN to

Apreduces the prefibrillar and fibrillar oligomers in the absence or presence of AChE,
reducing apoptosis and increasing cell survival. IGFBP-3 binds HN and blocks its
interaction with Ag, resulting in increased prefibrillar and fibrillar oligomer formation and
leading to increased apoptosis and decreased cell survival.

Biochemistry. Author manuscript; available in PMC 2021 June 11.



	Abstract
	EXPERIMENTAL PROCEDURES
	Materials.
	Cell Culture.
	ELISA.
	Quantitation of Aβ.
	Dot Blotting.
	Thioflavin T (ThT) Aβ Aggregation Assay.
	Immunodepletion.
	MTT Assay.
	Apoptosis Assays.
	Statistical Analysis.

	RESULTS
	IGFBP-3 Blocks the Binding of HN to Aβ in the Absence or Presence of AChE.
	Both HN and AChE Can Simultaneously Bind Aβ, But Not in the Presence of IGFBP-3.
	HN Is Unable to Reduce the Aggregation of Aβ in the Presence of IGFBP-3 In Vitro.
	HN Abolishes the Aggregation of Aβ Induced by the Addition of AChE in the Absence of IGFBP-3.
	AChE and HN Can Simultaneously Bind Aβ from the Media of A549 Cells.
	Both AChE and HN Were Detected upon Using 6E10 Aβ Antibodies; However, Only AChE Was Detected with 4G8, A11, and LOC Antibodies, and No Signal Is Observed for IGFBP-3 with Any of the Antibodies Used.
	Exogenously Added IGFBP-3 Results in a Reduction of HN Found in a Complex Using 6E10 Antibodies and Correlates with a Concomitant Increase in Amyloid Oligomers.
	Immunodepletion of HN Increases the Relative Abundance of A11-Positive Prefibrillar Oligomers and to a Lesser Extent the LOC-Positive Fibrillar Oligomers in A549 and H1299 Media.
	The Relative Amount of Oligomer vs the Total Amount of Aβ Increases upon the Immunodepletion of HN from the A549 or H1299 Cell-Conditioned Medium and Correlates with Diminished Cell Viability and Increased Apoptosis.

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.

