
 

www.aging-us.com 17097 AGING 

INTRODUCTION 
 

The pathologies Alzheimer’s Disease (AD), familial 

Amyotrophic Lateral Sclerosis (ALS) and Huntington’s 

Chorea (HC) are all in part mediated by the aberrant 

expression and denaturation of disease-specific proteins 

[1–6]. In AD, amyloid-β and Tau proteins form toxic 

aggregates inside neurons and in the extracellular 

environment. The majority of familial ALS is caused by 

expression of mutant variants of SOD1, e.g., SOD1 

G93A. Toxic protein aggregates, such as those 

containing TDP-43, FUS and SOD1 G93A, are causal 
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ABSTRACT 
 

Aberrant expression and denaturation of Tau, amyloid-beta and TDP-43 can lead to cell death and is a major 
component of pathologies such as Alzheimer’s Disease (AD). AD neurons exhibit a reduced ability to form 
autophagosomes and degrade proteins via autophagy. Using genetically manipulated colon cancer cells we 
determined whether drugs that directly inhibit the chaperone ATPase activity or cause chaperone degradation 
and endoplasmic reticulum stress signaling leading to macroautophagy could reduce the levels of these 
proteins. The antiviral chaperone ATPase inhibitor AR12 reduced the ATPase activities and total expression of 
GRP78, HSP90, and HSP70, and of Tau, Tau 301L, APP, APP692, APP715, SOD1 G93A and TDP-43. In parallel, it 
increased the phosphorylation of ATG13 S318 and eIF2A S51 and caused eIF2A-dependent autophagosome 
formation and autophagic flux. Knock down of Beclin1 or ATG5 prevented chaperone, APP and Tau 
degradation. Neratinib, used to treat HER2+ breast cancer, reduced chaperone levels and expression of Tau and 
APP via macroautophagy, and neratinib interacted with AR12 to cause further reductions in protein levels. The 
autophagy-regulatory protein ATG16L1 is expressed as two isoforms, T300 or A300: Africans trend to express 
T300 and Europeans A300. We observed higher basal expression of Tau in T300 cells when compared to 
isogenic A300 cells. ATG16L1 isoform expression did not alter basal levels of HSP90, HSP70 or HSP27, however, 
basal levels of GRP78 were reduced in A300 cells. The abilities of both AR12 and neratinib to stimulate ATG13 
S318 and eIF2A S51 phosphorylation and autophagic flux was also reduced in A300 cells. Our data support 
further evaluation of AR12 and neratinib in neuronal cells as repurposed treatments for AD. 
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in neuronal cell death. An additional major component 

of brain biology in ALS patients are activated / reactive 

microglia [7, 8]. The reactive microglia create a toxic 

inflammatory micro-environment liminal to the 

dysfunctional neurons. In HC, multiple additional 

genetically unstable CAG repeats result in translation of 

a Huntingtin protein which is more readily cleaved by 

cellular proteases to form insoluble toxic aggregates in 

neurons. 

 

Protein expression and protein degradation are tightly 

controlled processes. An important regulator of protein 

translation is the factor eIF2α [9–12]. Phosphorylation 

of eIF2α S51 inactivates its function, and bulk protein 

translation is reduced. Several kinases phosphorylate 

eIF2α, including PKR-like endoplasmic reticulum 

kinase (PERK). The bi-functional protein chaperone 

GRP78 binds to PERK, keeping it inactive [13–16]. 

GRP78 senses the amount of denatured protein in the 

ER and cytosol, and as the levels of denatured proteins 

increase, GRP78 is released from PERK, and then acts 

as a chaperone to renature the misfolded proteins. 

PERK becomes active, phosphorylates eIF2α thus 

stopping translation until GRP78 and other chaperone 

proteins of the HSP90 and HSP70 families have 

renatured the misfolded proteins. GRP78 then can re-

associate with PERK, inactivating the kinase, and eIF2α 

is dephosphorylated and activated by protein serine/ 

threonine phosphatase 1. 

 

Autophagy is an evolutionary conserved mechanism by 

which cells recycle nutrients to maintain viability [17–

22]. Proteins that cannot be renatured by chaperones are 

degraded via autophagy (along with the associated 

chaperone protein). Although phosphorylation of eIF2α 

inhibits translation from ~95% of genes, it also 

stimulates translation of alternate genes including the 

autophagosome regulatory proteins Beclin1 and ATG5 

[23]. Hence ER stress signaling to restore homeostasis 

acts to both renature proteins and simultaneously to 

facilitate the break down excess protein load via 

autophagy. In AD the clearance of amyloid-β plaques 

can be mediated via autophagy, which correlates with 

improved in vivo mouse memory function [22, 24]. 

Similar in vitro and in vivo findings to amyloid-β have 

been made for ALS aggregates and mutant Huntingtin 

aggregates [21, 25]. 

 

Our prior studies in oncology, specifically 

developmental cancer therapeutics, have shown how 

drugs such as neratinib and niraparib, which induce  

ER stress and cause autophagosome formation  

through different mechanisms, can be combined to 
synergistically kill tumor cells, e.g. [26, 27]. Several of 

these concepts have been translated into the clinic [28, 

29]. The drug AR12 was originally developed and 

translated into the clinic as a cancer therapeutic which 

killed cells via autophagy and ER stress signaling, 

however, when its true mechanism of action was 

discovered, as a pan-chaperone ATPase inhibitor, and 

particularly as an inhibitor of GRP78, the drug was 

repurposed into the infectious disease field as an anti-

viral drug [NCT00978523, ASCO Abs. #2068, 2014; 

30–37]. AR12 prevents the replication of viruses such 

as SARS-CoV-2 by preventing them from hijacking 

chaperone functions [38–40]. These attributes suggest 

to us that AR12 may have utility as an AD therapeutic 

by causing ER stress and autophagy. In the present 

studies we have used isogenic HCT116 colon cancer 

cells as a model system to examine these processes. 

 

Recent studies have shown that HER2 and HER4 are 

over-expressed in the hippocampus of human AD brains 

and that degradation of HER2 enhances autophagic 

flux, causes degradation of amyloid-β, and improves the 

cognitive functions of APP/presenilin-1 (PS1) mice [41, 

42]. Neratinib down-regulates RAS expression and 

signaling by RAS proteins has been linked to increased 

expression of Tau and amyloid-β proteins [43, 44]. 

Neratinib also inactivates the Hippo pathway and 

recently Hippo signaling was shown to be activated  

in amyloid-β-mediated neurodegeneration and that 

inhibition of Hippo signaling rescues the neuro-

degeneration effect [45, 46]. As neratinib down-

regulates HER2, HER4 and RAS, inactivates Hippo and 

inactivates mTOR and causes autophagosome 

formation, we also hypothesized repurposed neratinib 

could safely reduce misfolded protein levels in AD. 

 

Our oncology studies revealed that the multiple 

sclerosis drugs fingolimod and dimethyl fumarate 

interacted to kill glioblastoma cells which was mediated 

by increased autophagosome formation [47, 48]. The 

drugs prevented freshly isolated reactive microglia, 

from a patient GBM tumor, from synthesizing IL-6, 

TNFα and TGFβ. As the pathologies of AD, ALS and 

HC all involve sustained expression of denatured toxic 

proteins, and as our oncology and virology-based drug 

combinations stimulate autophagosome formation, ER 

stress and reduced protein translation and autophagic 

digestion of proteins, we determined whether our 

repurposed drug combinations using transformed / 

tumor cell systems, not neurons, could reduce 

expression of Tau and APP via autophagy. 

 

MATERIALS AND METHODS 
 

Materials 

 

HCT116 ATG16L1 T300 cells were purchased by Dr. 

David L. Boone (University of Notre Dame, South 

Bend, OH) and were used to generate isogenic HCT116 
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ATG16L1 A300 knock in cells [49]. African Green 

monkey kidney (Vero) cells were a kind gift of Dr. Jin 

Kim (University of South Alabama, Mobile, AL). 

GBM6 cells were kindly provided by the Mayo Clinic 

cell bank (Rochester, MN). AR12 and MMF were 

purchased from Selleckchem (Houston, TX). Neratinib 

was supplied by Puma Biotechnology Inc. (Los 

Angeles, CA). Fingolimod (FTY720) was purchased 

from Sigma-Aldrich (St. Louis MO). Plasmids to 

express LC3-GFP-RFP, Tau-GFP, Tau 301L-GFP, 

APP-FLAG, APP715-FLAG, APP692-FLAG, SOD1 

G93A, TDP-43 and Huntingtin CAG145 were 

purchased from Addgene (Watertown, MA). The 

plasmid to express the SARS-CoV-2 spike protein was 

from Sino Biological (Wayne, PA). Trypsin-EDTA, 

RPMI, penicillin-streptomycin were purchased from 

GIBCOBRL (GIBCOBRL Life Technologies, Grand 

Island, NY). Other reagents and performance of 

experimental procedures were as described [26, 31, 36, 

37, 43, 46, 48, 50–52]. Antibodies used: Beclin1 (3495), 

eIF2α (5324), AMPKα (2532), ATG5 (12994), ATG13 

(13468) all from Cell Signaling Technology (Danvers, 

MA); P-ATG13 S318 (19127) from Novus Biologicals. 

Specific multiple independent siRNAs to knock down 

the expression of AMPKα1, Beclin1, ATG5 and eIFα, 

and scramble control, were purchased from Qiagen 

(Hilden, Germany). Additional antibodies used in this 

study: HSP90 (E289) (Cell Signaling); HSP90 (#2928) 

(Abcam); HSP90 (ab195575) Abcam; HSP90 3G3 

(13495) (Abcam); GRP78 (50b12) (31772) (Cell 

Signaling); GRP78 (ab191023) Abcam; GRP78 

(ab103336) Abcam; GRP78 (N-20) (sc-1050) Santa 

Cruz; HSP27 (G31) (2402P) Cell Signaling); HSP27 

[EP1724Y] (ab62339) Abcam; HSP27 (H-77) (sc-9012) 

Santa Cruz; HSP27 (LS-C31836). Multiple control 

studies have been previously presented showing on-

target specificity of our siRNAs, primary antibodies, 

and our phospho-specific antibodies to detect both total 

protein levels and phosphorylated levels of proteins 

(Figure 1) [51, 52]. 

 

 
 

Figure 1. Control studies showing siRNA knockdown of proteins in HCT116 cells. HCT116 cells were transfected with a scrambled 

control siRNA or siRNA molecules to knock down the expression of eIF2α, AKPKα1, Beclin1 or ATG5. Twenty-four h afterwards, cells were 
fixed in place and the expression and phosphorylation of the indicated proteins determined. 
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Methods 

 

All bench-side Methods used in this manuscript have 

been performed and described in the peer-reviewed 

references [26, 31, 36, 37, 43, 46, 48, 50–52]. All cell 

lines were cultured at 37° C (5% (v/v CO2) in vitro 

using RPMI supplemented with dialyzed 5% (v/v) fetal 

calf serum and 1% (v/v) Non-essential amino acids. 

Drugs are dissolved in DMSO to make 10 mM stock 

solutions. The stock solution is diluted to the desired 

concentration in the media that the cells being 

investigated grow in. We ensure that the concentration 

of DMSO is never more than 0.1% (v/v) in the final 

dilution that is added to cells, to avoid solvent effects. 

Cells were never cultured in reduced serum media. 

 

Assessments of protein expression and protein 

phosphorylation 

 

[26, 31, 36, 37, 43, 46, 48, 50–52]. Multi-channel 

fluorescence HCS microscopes perform true in-cell 

western blotting. Three independent cultures derived 

from three thawed vials of cells of a tumor were sub-

cultured into individual 96-well plates. Twenty-four 

hours after plating, the cells are transfected with a 

control plasmid or a control siRNA, or with an empty 

vector plasmid or with plasmids to express various 

proteins. After another 24 hours, the cells are ready for 

drug exposure(s). At various time-points after the 

initiation of drug exposure, cells are fixed in place using 

paraformaldehyde and using Triton X100 for 

permeabilization. Standard immunofluorescent blocking 

procedures are employed, followed by incubation of 

different wells with a variety of validated primary 

antibodies and subsequently validated fluorescent-

tagged secondary antibodies are added to each well. The 

microscope determines the background fluorescence in 

the well and in parallel randomly determines the mean 

fluorescent intensity of 100 cells per well. Of note for 

scientific rigor is that the operator does not personally 

manipulate the microscope to examine specific cells; 

the entire fluorescent accrual method is independent of 

the operator. 

 

Transfection of cells with siRNA or with plasmids 

 

For plasmids 

Cells were plated and 24h after plating, transfected. 

Plasmids expressing a specific mRNA or appropriate 

empty vector control plasmid (CMV) DNA was diluted 

in 50 μl serum-free and antibiotic-free medium (1 

portion for each sample). Concurrently, 2 μl 

Lipofectamine 2000 (Invitrogen), was diluted into 50 μl 
of serum-free and antibiotic-free medium (1 portion for 

each sample). Diluted DNA was added to the diluted 

Lipofectamine 2000 for each sample and incubated at 

room temperature for 30 min. This mixture was added 

to each well / dish of cells containing 100 μl serum-free 

and antibiotic-free medium for a total volume of 300 μl, 

and the cells were incubated for 4 h at 37° C. An equal 

volume of 2x serum containing medium was then added 

to each well. Cells were incubated for 24h, then treated 

with drugs. 

 

Transfection for siRNA 

Cells from a fresh culture growing in log phase as 

described above, and 24h after plating transfected. Prior 

to transfection, the medium was aspirated, and serum-

free medium was added to each plate. For transfection, 

10 nM of the annealed siRNA or the negative control (a 

“scrambled” sequence with no significant homology to 

any known gene sequences from mouse, rat or human 

cell lines) were used. Ten nM siRNA (scrambled or 

experimental) was diluted in serum-free media. Four μl 

Hiperfect (Qiagen) was added to this mixture and the 

solution was mixed by pipetting up and down several 

times. This solution was incubated at room temp for 10 

min, then added dropwise to each dish. The medium in 

each dish was swirled gently to mix, then incubated at 

37° C for 2h. Serum-containing medium was added to 

each plate, and cells were incubated at 37° C for 24h 

before then treated with drugs (0-24h). 

 

Assessments of autophagosome and autolysosome 

levels 

Cells were transfected with a plasmid to express LC3-

GFP-RFP, and as indicated with siRNA molecules. 

Twenty-four h after transfection, cells are treated with 

vehicle control or the drugs, alone or in combination as 

indicated. Cells were imaged at 60X magnification 4 h 

and 8 h after drug exposure and the mean number of 

GFP+ and RFP+ punctae per cell determined from >50 

randomly selected cells per condition. With three 

independent triplicates used to calculate the mean 

number of punctae per cell. 

 

Assessments of protein expression and protein 

phosphorylation 

[26, 31, 36, 37, 43, 46, 48, 50–52]. Multi-channel 

fluorescence HCS microscopes perform true in-cell 

western blotting. Three independent cultures derived 

from three thawed vials of cells of a tumor were sub-

cultured into individual 96-well plates. Twenty-four 

hours after plating, the cells are transfected with a 

control plasmid or a control siRNA, or with an empty 

vector plasmid or with plasmids to express various 

proteins. After another 24 hours, the cells are ready for 

drug exposure(s). At various time-points after the 

initiation of drug exposure, cells are fixed in place using 
paraformaldehyde and using Triton X100 for 

permeabilization. Standard immunofluorescent blocking 

procedures are employed, followed by incubation of 
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different wells with a variety of validated primary 

antibodies and subsequently validated fluorescent-

tagged secondary antibodies are added to each well. The 

microscope determines the background fluorescence in 

the well and in parallel randomly determines the mean 

fluorescent intensity of 100 cells per well. Of note for 

scientific rigor is that the operator does not personally 

manipulate the microscope to examine specific cells; 

the entire fluorescent accrual method is independent of 

the operator. 

 

Data analysis 

 

Comparison of the effects of various treatments was 

using one-way ANOVA for normalcy followed by a 

two tailed Student’s t-test with multiple comparisons. 

Differences with a p-value of < 0.05 were considered 

statistically significant. Experiments are the means of 

multiple individual data points per experiment from 3 

independent experiments (± SD). 

 

RESULTS 
 

Our initial studies were designed to demonstrate that 

AR12 and neratinib, and fingolimod and MMF, 

interacted to cause autophagosome formation and 

autophagic flux. Treatment of HCT116 ATG16L1 T300 

colon cancer cells with AR12 or neratinib increased the 

activities of the AMPK, ULK1 and ATG13 (Figure 2). 

The activities of mTORC1 and mTORC2 declined. The 

drugs combined to cause further activation of PKR-like 

endoplasmic reticulum kinase (PERK) that was 

associated with increased phosphorylation, and 

inactivation of eIF2α. 

 

 
 

Figure 2. AR12 and neratinib interact to cause greater activation of PERK and ATG13 and inactivation of mTORC1. HCT116 

ATG16L1 T300 cells were treated with vehicle control, neratinib (50 nM), AR12 (2.0 μM) or the drugs in combination for 2h. Cells were fixed 
in place and immunostaining performed. Data are presented as the percentage staining intensity compared to vehicle control (defined as 
100%) (n = 3 +/-SD) * p < 0.05 less than vehicle control value; # p < 0.05 greater than vehicle control value; ** p < 0.05 less than either 
individual treatment value; ## p < 0.05 greater than either individual treatment value. 
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HCT116 ATG16L1 T300 colon cancer cells and GBM6 

cells, a PDX glioblastoma isolate expressing truncated 

EGFR vIII, were transfected with a plasmid to express 

LC3-GFP-RFP and with siRNA molecules to knock 

down expression of AMPKα1 or eIF2α. In the neutral 

autophagosome both GFP and RFP fluoresce whereas in 

the acidic autolysosome GFP is quenched and only RFP 

fluoresces. Thus, the appearance and disappearance of 

GFP+/RFP+ and RFP+ vesicles over time permits the 

detection of autophagosome formation and autophagic 

flux where autophagosomes fuse with acidic lysosomes 

to form autolysosomes. AR12 and neratinib, in 

agreement with the elevated phosphorylation of 

ATG13, both increased autophagosome formation in the 

HCT116 cells within 4h of exposure and combined to 

further promote autophagosome formation (Figure 3A, 

upper graphs). Autophagosome formation was 

significantly reduced by knock down of AMPKα1 or 

eIF2α. Eight hours after drug exposure, the levels of 

autophagosomes had declined and the numbers of RFP+ 

autolysosomes had increased, with this effect also being 

significantly suppressed by knock down of AMPKα1 or 

eIF2α. 

 

In transfected GBM6 cells, fingolimod and MMF both 

enhanced autophagosome formation, with the 

combination causing greater levels of autophagy, and 

these effects were blocked by knock down of AMPKα1 

or eIF2α (Figure 3A, lower graphs). As was observed in 

the upper graphs, the fingolimod / MMF drug 

combination caused autophagic flux which was again 

blocked by knock down of AMPKα1 or eIF2α. From 

Addgene we purchased plasmids to express a Tau-GFP 

fusion protein (“wild type”) and to express a mutant 

 

 
 

Figure 3. Drug interactions promoting eIF2α-dependent autophagosome formation and autophagic flux. (A) HCT116 ATG16L1 

T300 and GBM6 cells were transfected with a plasmid to express LC3-GFP-RFP and in parallel with a scrambled siRNA or with siRNA molecules 
to knock down the expression of eIF2α or AMPKα1. After 24h, cells were treated with vehicle control, AR12 (2 μM), neratinib (50 nM), MMF 
(5 μM), fingolimod (FTY, 100 nM) or the drugs in combination as indicated in the graphs. Randomly cells (> 50 per data point) were examined 
4h and 8h after drug exposure and the mean number of GFP+ and RFP+ intense staining punctae determined under each condition (n = 3 +/-
SD) * p < 0.05 less than corresponding value after 4h; # p < 0.05 greater than corresponding value after 4h; ¶ p < 0.05 less than corresponding 
value in siSCR cells. (B) HCT116 ATG16L1 T300 cells were transfected with a plasmid to express wild type Tau-GFP. After 24h, cells were 
treated with vehicle control, AR12 (2 μM) or neratinib (50 nM). Cells were fixed after 1h. Cells were fixed in place and the detection of Tau 
levels determined using GFP tag fluorescence (10X). 
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Tau 301L-GFP fusion protein (“mutant”). HCT116 

cells were transfected with a plasmid to express “wild 

type” Tau-GFP and treated with AR12 or neratinib. 

Treatment with AR12 reduced Tau-GFP levels, as did 

neratinib (Figure 3B). AR12 did not apparently alter 

Tau sub-cellular localization. Our prior studies with 

neratinib had demonstrated that the drug rapidly caused 

HER family receptors and RAS proteins to become 

localized in punctate intracellular vesicles, and in the 

present studies, neratinib, unlike AR12, also caused 

Tau-GFP to rapidly exhibit a punctate staining  

pattern [43]. 

 

We then performed studies to define dose responses for 

AR12 inhibiting the chaperone ATPase activities of 

HSP90, HSP70 and GRP78. As an internal control, we 

observed a concentration-dependent increase in fluo-

rescence from the ATP-lite substrate (Figure 4A). In 

 

 
 

Figure 4. AR12 inhibits the chaperone ATPase activities of HSP90, HSP70 and GRP78. (A) A GST-HSP90 NH2-terminal fragment 

containing the ATP binding domain of the chaperone was synthesized in E. coli and purified from other bacterial proteins using glutathione 
Sepharose. The GST-HSP90 NH2-terminal fragment protein was not eluted off the Sepharose beads. Equal portions of beads were 
immediately aliquoted into individual wells in a 96 well plate. Beads were resuspended in kinase reaction buffer in triplicate, and incubated 
for 30 min at 37° C. The reaction was started by addition of increasing concentrations of the ATP-lite substrate. The plate was removed from 
the incubator and placed into a Vector 3 plate reader to determine the luminescence of the reactions under each condition (n = 3 (× 3) +/-
SD). (B, C) GBM12 cells were transfected with a plasmid to express HSP70-GFP or to express FLAG-tagged HSP90. Twenty-four h after 
transfection chaperone proteins were immuno-precipitated using their tags in the presence of phosphatase inhibitors. Equal portions of 
precipitate Sepharose beads were immediately aliquoted into individual wells in a 96 well plate. Beads were resuspended in ATPase reaction 
buffer containing vehicle control or AR12 (30 nM; 100 nM; 300 nM; 1 μM) in triplicate, and incubated for 30 min at 37° C. The reaction was 
started by addition of ATP-lite substrate (2 μM). The plate was removed from the incubator and placed into a Vector 3 plate reader to 
determine the luminescence of the reactions under each treatment condition (n = 3 (× 3) +/-SD). (D) GBM12 cells were transfected with a 
plasmid to express GRP78. Twenty-four h after transfection GRP78 was immuno-precipitated using an antibody directed to the COOH 
terminal portion of the protein in the presence of phosphatase inhibitors. Equal portions of precipitate Sepharose beads were immediately 
aliquoted into individual wells in a 96 well plate. Beads were resuspended in ATPase reaction buffer containing vehicle control or AR12 (30 
nM; 100 nM; 300 nM; 1 μM) in triplicate, and incubated for 60 min at 37° C. The reaction was started by addition of ATP-lite substrate (2 μM). 
The plate was removed from the incubator and placed into a Vector 3 plate reader to determine the luminescence of the reactions under 
each treatment condition (n = 3 (× 3) +/-SD). 
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a dose-dependent fashion AR12 inhibited the ATPase 

activities of HSP90, HSP70 and GRP78 (Figure 4B–

4D). Of note was that the inherent ATPase activity of 

GRP78 in our analyses was considerably lower than 

those of HSP70 and HSP90; the basal activity was 

significantly less as measured by the assay and was 

generated by twice as long an incubation compared to 

HSP90 and HSP70. The approximate IC50 inhibitory 

concentration for HSP70 was ~400 nM, for HSP90 

~300 nM and for GRP78 ~80 nM. In heavily pre-treated 

cancer patients treated with AR12, the C max of the 

drug at the RP2D of 800 mg BID varied between 2 μM 

and 8 μM. We previously published that AR12 crossed 

the blood-brain barrier, with a brain C max of ~2 μM 

after administration of a 50 mg/kg bolus [37]. 

Collectively, our findings support the use of AR12 as a 

therapeutic anti-chaperone agent in the brain. 

 

We next defined the impact of neratinib and AR12 as 

single agents and when combined on the expression of 

protein chaperones. AR12 significantly reduced 

chaperone expression whether the levels were measured 

using an antibody directed at the COOH terminus or 

NH2 terminus of the protein (Figure 5, upper). Notably 

for GRP78 the reduced staining for the NH2 terminus of 

the protein did not match that observed for the COOH 

terminal epitope, recapitulating our prior studies that 

AR12 binds to the ATP binding domain of GRP78 and 

alters protein conformation such that the NH2 antibody 

epitope has become occluded. For all of the tested 

chaperones, including HSP27 that does not bind ATP, 

neratinib and AR12 interacted to cause a significant 

further reduction in chaperone levels. We then 

determined whether autophagosome formation was 

responsible for the drug-induced decline in chaperone 

expression. Knock down of Beclin1 or ATG5 prevented 

neratinib and AR12 from reducing chaperone 

expression (Figure 5, lower). Thus, not only does AR12 

catalytically inhibit chaperones, but the drug also causes 

their degradation through autophagy. 

 

 
 

Figure 5. Neratinib and AR12 combine to reduce the expression of HSP90, HSP70, GRP78 and HSP27 via autophagy. Upper: 
Vero cells were treated with vehicle control, AR12 (2 μM), neratinib (50 nM) or the drugs in combination for 6h. Cells were fixed in place and 
in cell immunostaining performed to determine chaperone expression using antibodies whose epitopes are localized at the NH2- and COOH-
termini of each protein (n = 3 +/-SD) * p < 0.05 less than vehicle control; ** p < 0.05 less than neratinib single agent value; ¶ p < 0.05 less than 
value determined using the COOH-terminal epitope antibody. Lower: HCT116 ATG16L1 T300 cells were transfected with a scrambled siRNA 
or with siRNA molecules to knock down the expression of Beclin1 or ATG5. After 24h, cells were treated with vehicle control, AR12 (2 μM), 
neratinib (50 nM) or the drugs in combination for 6h. Cells were fixed in place and in cell immunostaining performed to determine chaperone 
expression using antibodies whose epitopes is at the COOH-termini of each protein (n = 3 +/-SD) * p < 0.05 less than vehicle control; ** p < 
0.05 less than neratinib single agent value. 
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We next performed studies to link chaperone proteins 

to the expression and drug-induced degradation of Tau 

and APP. Cells were transfected to over-express 

GRP78, HSP90 or HSP70 and co-transfected to express 

Tau or APP. Over-expression of GRP78 and to a lesser 

extent HSP70 both significantly reduced the ability of 

AR12, neratinib and the drugs in combination to lower 

the levels of Tau (Figure 6A). Only GRP78 over-

expression significantly reduced the abilities of the 

drugs as single agents or combined to lower APP 

expression. Cells were then transfected with siRNA 

molecules to knock down the expression of GRP78, 

HSP90 or HSP70, and in combination, and co-

transfected to express Tau or APP, followed by drug 

exposure. Surprisingly, under basal conditions, knock 

down of GRP78 / HSP90 / HSP70 did not significantly 

alter the basal levels of Tau or APP expression or the 

basal levels of sIF2α S51 phosphorylation (Figure 6B). 

Knock down of GRP78 significantly enhanced the 

ability of AR12 and [AR12 + neratinib] to reduce the 

expression of Tau and APP. Knock down of GRP78 in 

combination with knock down of HSP90 or HSP70 

caused significantly more protein degradation than 

GRP78 alone and a significantly greater amount of 

eIF2α phosphorylation. 

 

Based on the data in Figure 6, we reasoned that if 

neratinib and AR12 could inhibit chaperone function 

and rapidly stimulate autophagosome formation, the 

drug combination would also be able to degrade other 

proteins including “wild type” and “mutant” Tau and 

APP proteins. African Green monkey kidney (Vero) 

cells and human HCT116 ATG16L1 T300 colon cancer 

cells were transfected to express “wild type” Tau or a 

“mutant” Tau, Tau 301L, which has been stated to be 

relatively protease resistant compared to the wild type 

protein, with both proteins tagged with GFP [53, 54] 

(Figures 7, 8). Over a time-course, neratinib and AR12 

interacted to reduce the expression of wild type Tau or 

Tau 301L, either via GFP tag fluorescence or by 

immunostaining (Figures 7, 8). Transfection of the 

human HCT116 cells to knock down Beclin1 or ATG5 

prevented the drug combination from reducing Tau or 

Tau 301L expression. Hence, we degrade not only the 

 

 
 

Figure 6. GRP78, HSP90 and HSP70 play important roles in maintaining the stability of Tau and APP. (A) HCT116 ATG16L1 T300 
cells were transfected with an empty vector plasmid (CMV) or with plasmids to express GRP78, HSP70 or HSP90, and were co-transfected to 
express either Tau or APP. Twenty-four h after transfection cells were treated with vehicle control, AR12 (2 μM), neratinib (50 nM) or the 
drugs in combination for 24h. Cells were fixed in place and the expression of Tau and APP determined (n = 3 +/-SD). # p < 0.05 greater than 
corresponding value in CMV transfected cells; * p < 0.05 less than corresponding value in corresponding vehicle control cells; ** p < 0.05 less 
than corresponding AR12 value. (B) HCT116 ATG16L1 T300 cells were transfected with a scrambled control siRNA (siSCR) or with siRNA 
molecules to knock down expression of GRP78, HSP70 or HSP90, as indicated in the panel. In parallel, cells were transfected to express either 
Tau or APP. Twenty-four h after transfection, cells were fixed in place and the expression of Tau and APP determined (n = 3 +/-SD). Vehicle 
control transfected with a scrambled siRNA is defined at 100%. * p < 0.05 less than corresponding value in vehicle control cells; ** p < 0.05 
less than corresponding AR12 value; p < 0.05 less than corresponding value in siSCR cells; † p < 0.05 greater than corresponding value in siSCR 
cells. 
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chaperones which associate with Tau proteins, but also 

the Tau protein itself (Figure 8B). 

 

As presented in Figure 3, fingolimod and MMF interact 

to cause autophagosome formation and subsequently to 

promote autophagic flux. As was observed for AR12 

and neratinib, fingolimod and MMF interacted to reduce 

the expression of wild type and mutant Tau 301L 

proteins (Figure 9A). Knock down of Beclin1 or ATG5 

prevented Tau degradation (Figure 9B). An addition 

protein, beyond TAU and APP, that has been linked 

with the biology and pathology of AD is TDP-43 [1–8]. 

 

 
 

Figure 7. Neratinib and AR12 interact to reduce the expression of Tau and Tau 301L in Vero cells. (A, B) Vero cells were 
transfected with plasmids to express Tau-GFP or Tau 301L-GFP. After 24h, cells were treated for 6h or 12h with vehicle control, AR12 (2 μM), 
neratinib (50 nM) or the drugs in combination. Cells were fixed in place and the detection of Tau levels determined using either GFP tag 
fluorescence or by in cell immunostaining (n = 3 +/-SD) * p < 0.05 less than vehicle control; ** p < 0.05 less than neratinib single agent value. 

 

 
 

Figure 8. Neratinib and AR12 interact to reduce the expression of Tau and Tau 301L via autophagy. (A) HCT116 cells were 

transfected with plasmids to express Tau-GFP or Tau 301L-GFP. After 24h, cells were treated for 3h, 6h or 12h with vehicle control, AR12 (2 
μM), neratinib (50 nM) or the drugs in combination. Cells were fixed in place and the detection of Tau levels determined using GFP tag 
fluorescence (n = 3 +/-SD) * p < 0.05 less than vehicle control; ** p < 0.05 less than neratinib single agent value. (B) HCT116 ATG16L1 T300 
cells were transfected to express Tau-GFP or Tau 301L-GFP and in parallel with a scrambled siRNA or with siRNA molecules to knock down the 
expression of Beclin1 or ATG5. After 24h, cells were treated with vehicle control, AR12 (2 μM), neratinib (50 nM) or the drugs in combination 
for 6h. Cells were fixed in place and in cell immunostaining performed to determine Tau expression (n = 3 +/-SD) * p < 0.05 less than vehicle 
control; ** p < 0.05 less than neratinib single agent value. 
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AR12 and neratinib, and MMF and FTY720, interacted 

to reduce the expression of TDP-43 (Figure 10A). 

Knock down of Beclin1 or ATG5 prevented either 

combination from reducing TDP-43 levels (Figure 

10B). 

 

The autophagy regulatory protein ATG16L1 is 

expressed as two isoforms, ATG16L1 T300 and 

ATG16L1 A300. The ATG16L1 T300 is most 

commonly found in Africans and their descendants 

whereas the highest prevalence of ATG16L1 A300 

expression is in northern Europeans and their 

descendants. Expression of ATG16L1 A300 predicts for 

a higher incidence of Crohn’s Disease in European 

Americans [49]. In comparison to isogenic HCT116 

cells expressing ATG16L1 T300, cells expressing 

ATG16L1 A300 were significantly less capable of 

forming autophagosomes or exhibiting autophagic flux 

when treated with AR12 and neratinib (Figure 11A). 

This is similar to prior studies using other drugs / drug 

combinations which induce autophagosome formation. 

We next determined whether the differential ability of 

each isoform to facilitate autophagy also impacted the 

ability of neratinib and AR12 to cause Tau protein 

degradation. As would be predicted from the data in 

panel A, cells expressing ATG16L1 A300 were less 

capable of reducing Tau expression (Figure 11B). We 

were surprised, however, to observe also that HCT116 

ATG16L1 A300 cells were less capable of expressing 

Tau than were their isogenic HCT116 ATG16L1 T300 

counterparts. Tau is being expressed from a plasmid via 

a constitutive promoter. To determine whether this 

effect was specific to Tau, we transfected cells with a 

plasmid and a constitutive promoter to express the 

 

 
 

Figure 9. Fingolimod and MMF interact to reduce the expression of Tau and Tau 301L via autophagy. (A) HCT116 ATG16L1 T300 

cells were transfected to express Tau-GFP or Tau 301L-GFP. After 24h, cells were treated with vehicle control, fingolimod (FTY, 100 nM), MMF 
(5 μM) or the drugs in combination for 6h or 12h. Cells were fixed in place and the expression of Tau determined by in-cell immuno-staining. 
(n = 3 +/-SD). * p < 0.05 less than vehicle control; ** p < 0.05 less than MMF alone value. (B) HCT116 ATG16L1 T300 cells were transfected to 
express Tau-GFP and in parallel with a scrambled siRNA control or with siRNA molecules to knock down Beclin1 or ATG5. After 24h, cells were 
treated for 6h or 12h with vehicle control or with [fingolimod, 100 nM plus MMF, 5 μM]. Cells were fixed in place and the expression of Tau 
determined by in-cell immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control. 
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SARS-CoV-2 spike protein. The ability of ATG16L1 

T300 and ATG16L1 A300 cells to express the spike 

protein was identical (Figure 11C). And the ability of 

AR12 cells to cause spike degradation was reduced in 

the ATG16L1 A300 cells. As African-Americans trend 

to present with a more rapid onset and severe 

Alzheimer’s disease when compared to European 

Americans, we postulate that ATG16L1 isoform 

expression may play a role. 

 

We extended our analyses of the biologies of HCT116 

ATG16L1 T300 and HCT116 ATG16L1 A300 cells to 

determine whether altered chaperone levels, or drug 

responses, could provide clues as to why more Tau was 

expressed in the T300 cells. Regardless of isoform 

expression, cells expressed similar levels of HSP90 and 

HSP70, whereas expression of GRP78 was lower in the 

ATG16L1 A300 isoform cells (Figure 12). This was 

observed for cell surface levels of GRP78 and for bulk 

cellular GRP78. Although cells regardless of their 

isoform exhibited near identical levels of total ATG13 

and total eIF2α, the phosphorylation of these proteins 

caused by either AR12 or neratinib was altered. In cells 

expressing ATG16L1 A300, the ability of AR12 and 

neratinib to stimulate ATG13 S318 phosphorylation 

(autophagy) and eIF2α S51 phosphorylation (ER stress) 

were reduced. Basal phosphorylation of ATG13 S318 

trended towards being lower in the A300 cells (Figure 

12). These findings may partially explain why cells 

expressing ATG16L1 A300 do not produce as many 

autophagosomes when stimulated as do ATG16L1 T300 

cells. 

 

In addition to denaturation of Tau, AD also contains 

denatured beta-amyloid plaques. Hence, we next 

determined whether our drug combinations could 

reduce the expression of wild type amyloid precursor 

protein (APP) or of the mutant forms of this protein 

APP692 and APP715. AR12 and neratinib both reduced 

APP expression and interacted to cause a further 

reduction in protein levels (Figure 13A). Knock down 

of Beclin1 or ATG5 prevented APP degradation. As 

single agents, fingolimod and MMF were apparently 

less efficacious than AR12 and neratinib at reducing the 

levels of the tested APPs (Figure 13B). However, 

fingolimod and MMF did interact to cause a further 

reduction in APP expression. Knock down of Beclin1 or 

ATG5 also significantly reduced the ability of 

fingolimod and MMF to reduce APP expression (Figure 

13C). Collectively, our findings in Figures 4–13 support 

the further evaluation of AR12, neratinib, fingolimod 

and MMF as repurposed treatments for pathologies such 

as AD. 

 

As noted previously, other lethal neurological diseases 

are also caused by accumulation of denatured toxic 

proteins including SOD1 G93A in ALS and Huntingtin 

in HC. Thus, based on our data with APP and Tau we 

 

 
 

Figure 10. AR12 and neratinib in combination reduce the expression of TDP-43 via autophagy. (A) HCT116 ATG16L1 T300 cells 

were transfected to express TDP-43. Twenty-four h later, cells were treated with vehicle control, neratinib (50 nM), AR12 (2 μM), fingolimod 
(FTY, 100 nM), MMF (5 μM) or the drugs in combination as indicated for 6h or 12h. Cells were fixed in place and the expression of each 
protein plus ERK2 as a loading control determined by in-cell immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control. (B) HCT116 
ATG16L1 T300 cells were transfected to express TDP-43 and co-transfected with a scrambled siRNA or with siRNA molecules to knock down 
either Beclin1 or ATG5. Twenty-four h later, cells were treated with vehicle control, neratinib (50 nM), AR12 (2 μM), fingolimod (FTY, 100 
nM), MMF (5 μM) or the drugs in combination as indicated for 12h. Cells were fixed in place and the expression of each protein plus total 
ERK2 as a loading control determined by in-cell immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control. 
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determined whether our drug combinations could 

reduce the protein expression of SOD1 G93A and CAG 

145 repeat Huntingtin. AR12 and neratinib interacted to 

reduce the expression of SOD1 G93A and Huntingtin, 

with Huntingtin being relatively less capable of being 

down-regulated (Figure 14A). In contrast to AR12/ 

neratinib, and different to our findings with APP and 

Tau, fingolimod and MMF were ineffective at reducing 

protein expression. Knock down of Beclin1 or ATG5 

prevented the drug-induced degradation of SOD1 G93A 

(Figure 14B). Additional studies will be required to 

understand why fingolimod and MMF did not cause 

significant amounts of degradation for these specific 

proteins. 

 

DISCUSSION 
 

Toxic misfolded proteins are key drivers of AD, ALS, 

HC and other neurodegenerative diseases. In order to 

make progress against these diseases we need drugs that 

target these toxic proteins. In this paper we examined 

using isogenic colon cancer cells several existing drugs 

that function by increasing autophagy and degrading 

misfolded proteins. 

 

Our initial studies tested AR12, neratinib, fingolimod, 

and MMF looking at autophagosome formation and 

autophagic flux. We demonstrated that AR12 and 

neratinib increased autophagosome formation in 

HCT116 cells and when these two drugs were combined 

showed even greater autophagosome formation. In 

GBM6 cells fingolimod and MMF enhanced 

autophagosome formation and the combination caused 

enhanced levels of autophagy. The increased 

autophagosome formation generated by these different 

drugs was reduced when AMPKα1 or eIFα were 

knocked down, suggesting eIF2α dependent auto-

phagosome formation. 

 

 
 

Figure 11. Autophagy is compromised in HCT116 ATG16L1 A300 cells; cells that are less capable of expressing Tau. (A) Isogenic 
HCT116 ATG16L1 T300 and HCT116 ATG16L1 A300 cells were transfected with a plasmid to express LC3-GFP-RFP. After 24h, cells were 
treated with vehicle control, AR12 (2 μM), neratinib (50 nM) or the drugs in combination for 4h or 8h. Randomly cells (> 50 per data point) 
were examined 4h and 8h after drug exposure and the mean number of GFP+ and RFP+ intense staining punctae determined under each 
condition (n = 3 +/-SD) # p < 0.05 greater than vehicle control; ## p < 0.05 greater than neratinib as a single agent; § greater than 
corresponding values at the 4h time point; ¶ p < 0.05 less than corresponding values in ATG16L1 T300 cells. (B) HCT116 cells (ATG16L1 T300 
and ATG16L1 A300) were transfected with a plasmid to express Tau-GFP. After 24h, cells were treated with vehicle control, AR12 (2 μM), 
neratinib (50 nM) or the drugs in combination for 6h. Cells were fixed in place and in cell immunostaining performed to determine Tau 
expression (n = 3 +/-SD) * p < 0.05 less than vehicle control; ¶ p < 0.05 less than control value in ATG16L1 T300 cells. (C) HCT116 cells 
(ATG16L1 T300 and ATG16L1 A300) were transfected with a plasmid to express the SARS-CoV-2 spike protein and in parallel with a scrambled 
siRNA or with siRNA molecules to knock down expression of Beclin1 or ATG5. After 24h cells were treated with vehicle control or AR12 (2 
μM) for 6h. Cells were fixed in place and in cell immunostaining performed to determine SARS-CoV-2 spike expression: raw fluorescence data 
is presented from a representative study performed in triplicate (n = 3 +/-SD) * p < 0.05 less than vehicle control; ∞ p < 0.05 greater than 
corresponding value in siSCR cells. 
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After confirming these drug combinations led to 

increased autophagosome formation we looked more 

specifically at their ability to degrade Tau and APP. Tau 

and APP levels were decreased in HCT116 cells when 

treated with neratinib and AR12 or fingolimod and 

MMF. The autophagy dependent nature of Tau and APP 

degradation was shown by knocking down Beclin1 or 

ATG5. When Beclin1 or ATG5 were knocked down 

using siRNA the levels of Tau and APP recovered to the 

same levels as the control. Similarly, in GBM6 cells we 

showed autophagosome degradation of Tau and APP. 

While many but not all researchers postulate that an 

aggregated form of the amyloid-beta peptide is involved 

in the development and potential treatment and 

prevention of Alzheimer’s disease and recent trial 

findings have raised the possibility that amyloid-beta 

plaque-reducing antibodies may slow clinical 

progression in symptomatic people, the roles of 

amyloid-beta and APP in the development and potential 

treatment and prevention if AD needs to be clarified and 

confirmed in additional studies. 

 

Aberrant expression of chaperone proteins is found in 

many human pathologies including cancer, in virology 

and in AD, ALS and HC. Chaperones fall into two 

broad families, the HSP70 family and the HSP90 

family. Thirty-years ago the chaperone HSP90 was 

found complexed to protein kinases such as RAF-1, 

where it played a key role in maintaining RAF-1 

stability and its interactions with RAS proteins and 

MEK1/2 [55, 56]. Pharmaceutical companies have 

made multiple attempts to drug HSP90, however all 

approaches have as of the present, failed in the clinic 

[57, 58]. This is due to the overlapping activities of the 

HSP90 and HSP70 families in terms of the proteins 

each can chaperone. Thus, inhibition of HSP90 caused a 

compensatory survival response with cells increasing 

HSP70 levels to maintain viability. Furthermore, high 

efficacy drugs which bound to the ATP binding site in 

HSP90 did not block the ATPase activities of HSP70 

family chaperones. As a therapeutic agent AR12 would 

have been discarded by most drug companies because it 

is not a low-nanomolar inhibitor of chaperone ATPases. 

However, AR12 has similar IC50 inhibitory efficacy 

against both HSP90 and HSP70; cells cannot 

compensate for chaperone inhibition as AR12 reduces 

the functions of both families. The relative efficacy of 

AR12 as a chaperone inhibitor may also explain why 

the drug is not toxic in non-transformed cells; because 

even at concentrations above 1 μM, AR12 does not 

completely abolish chaperone ATPase activity which 

very likely provides for its therapeutic window for its 

safe use in patients. 

 

The chaperone whose ATPase activity is most potently 

inhibited by AR12 is the HSP70 family member 

GRP78. GRP78 plays two key roles in cell biology; it 

acts both as a chaperone which uses ATP to renature 

proteins and it acts as a sensor which assesses the levels 

of denatured protein in a cell. Under normal resting 

 

 
 

Figure 12. HCT116 ATG16L1 A300 cells make less GRP78 and have a weaker stimulation of eIF2α phosphorylation by AR12 or 
neratinib. HCT116 (ATG16L1 T300 or ATG16L1 A300) cells were treated with vehicle control, AR12 (2 mM) or neratinib (50 nM). Cells were 

fixed in place after 6h and the expression of the indicated proteins and phospho-proteins determined by in-cell immuno-staining. (n = 3 +/-
SD). * p < 0.05 less than vehicle control; # p < 0.05 greater than vehicle control; ¶ p < 0.05 less than corresponding basal value in ATG16L1 
T300 cells; § p < 0.05 less than corresponding stimulated value in ATG16L1 cells; ▼ p < 0.05 less than corresponding value in AR12 treated 
cells. 
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conditions GRP78 inhibits ER stress signaling, e.g., by 

blocking PERK activity and the phosphorylation of 

eIF2α S51. When high levels of denatured protein exist 

in a cell, GRP78 dissociates from PERK and associates 

with denatured proteins. PERK activates and 

phosphorylates eIF2α which prevents translation from 

95% or genes and enhances translation of genes whose 

gene products are components of the autophagic 

machinery. As a more generic inhibitor of all ATP 

binding chaperones, AR12 also reduces mTORC1 

activity, promoting autophagosome formation, flux, and 

the degradation of denatured proteins. As we have 

shown, this approach can reduce the intracellular 

expression of Tau and APP. 

 

GRP78 is not only located in the cytoplasm and ER; it 

is also a cell surface protein, localized on the outer 

leaflet of the plasma membrane. For example, inhibition 

of plasma membrane localized GRP78 causes 

inactivation of the PI3K/AKT/mTOR pathway in cancer 

cells [59]. Plasma membrane GRP78 acts to stabilize 

membrane receptors, for example, acetyl choline 

 

 
 

Figure 13. Drug combinations reduce the expression of amyloid precursor protein (APP) via autophagy. (A) HCT116 ATG16L1 

T300 cells were transfected to express wild type APP or mutant APP proteins, APP715 or APP692. In parallel, cells were transfected with a 
scrambled siRNA control or with siRNA molecules to knock down the expression of Beclin1 or ATG5. After 24h, cells were treated with vehicle 
control, neratinib (50 nM), AR12 (2 μM) or the drugs in combination for 6h. Cells were fixed in place and the expression of APPs determined 
by in-cell immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control; ** p < 0.05 less than neratinib as a single agent. (B) HCT116 
ATG16L1 T300 cells were transfected with plasmids to express wild type APP, APP715 or APP692. After 24h, cells were treated with vehicle 
control, fingolimod (FTY, 100 nM), MMF (5 μM) or the drugs in combination for 6h or 12h. Cells were fixed in place and the expression of the 
APPs determined by in-cell immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control; ** p < 0.05 less than MMF alone value.  
(C) HCT116 ATG16L1 T300 cells were transfected to express wild type APP or mutant APP proteins, APP715 or APP692. In parallel, cells were 
transfected with a scrambled siRNA control or with siRNA molecules to knock down the expression of Beclin1 or ATG5. After 24h, cells were 
treated with vehicle control or with [fingolimod, 100 nM plus MMF, 5 μM]. After 6h cells were fixed in place and the expression of the APPs 
determined by in-cell immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control. 
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esterase 2 (ACE2), the receptor for the SARS-CoV-2 

virus [40, 60]. Our data, hence, also suggest the 

possibility that plasma membrane localized GRP78 may 

be capable of sensing the presence of denatured 

amyloid-β in the extracellular space liminal to the 

plasma membrane. Extracellular GRP78 has been 

shown to promote amyloid-β uptake by microglia 

however it is known that microglia in AD are less 

capable of phagocytosing denatured amyloid-β [61–65]. 

It has also been shown that amyloid-β induces cells to 

over-express GRP78 and GRP78 is over-expressed in 

neurons from APP/PS1 mice. The exogenous GRP78, 

once ingested with the amyloid-β protein, translocated 

to the ER of the microglia where, presumably, it would 

act to block ER stress signaling and the autophagic 

digestion of denatured amyloid-β protein. Thus, our 

findings raise the intriguing possibility that AR12, by 

blocking GRP78 function in both populations of the 

protein, will facilitate amyloid-β degradation in 

microglia as well as in neurons. 

 

ATG16L1 is a key protein required for autophagosome 

formation. African-Americans trend to express the 

ATG16L1 T300 isoform compared to Europeans who 

express the ATG16L1 A300 isoform and this is causal 

in European Americans presenting with higher levels of 

 

 
 

Figure 14. AR12 and neratinib in combination reduce the expression of SOD1 G93A and mutant CAG repeat Huntingtin via 
autophagy. (A) HCT116 ATG16L1 T300 cells were transfected to express SOD1 G93A or CAG 145 repeat Huntingtin. Twenty-four h later, 
cells were treated with vehicle control, neratinib (50 nM), AR12 (2 μM), fingolimod (FTY, 100 nM), MMF (5 μM) or the drugs in combination 
as indicated for 6h or 12h. Cells were fixed in place and the expression of each protein plus ERK2 as a loading control determined by in-cell 
immuno-staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control. (B) HCT116 ATG16L1 T300 cells were transfected to express SOD1 G93A 
and co-transfected with a scrambled siRNA or with siRNA molecules to knock down either Beclin1 or ATG5. Twenty-four h later, cells were 
treated with vehicle control, neratinib (50 nM), AR12 (2 μM), fingolimod (FTY, 100 nM), MMF (5 μM) or the drugs in combination as indicated 
for 12h. Cells were fixed in place and the expression of each protein plus total ERK2 as a loading control determined by in-cell immuno-
staining. (n = 3 +/-SD). * p < 0.05 less than vehicle control. 
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Crohn’s Disease than African Americans. African 

Americans appear to be at greater risk of developing 

and presenting with a more severe form of Alzheimer’s 

Disease. Our initial findings were counter-intuitive to 

this information as we discovered that the T300 isoform 

is permissive for a greater ability of cells to form 

autophagosomes and a greater ability of immune cells to 

take up extracellular material, causing its degradation, 

thus reducing inflammation. Hence this information 

would argue that expression of ATG16L1 T300 would 

predict for microglia who will more readily ingest 

extracellular denatured material, e.g., amyloid-β, which 

would predict for less inflammation in such an 

Alzheimer’s brain. However, our studies also 

demonstrated that ATG16L1 T300 cells expressed 

significantly greater levels of plasma membrane 

associated GRP78 than did isogenic ATG16L1 A300 

cells. This implies that GRP78 bound to amyloid-β will 

be ingested and the intracellular levels of GRP78 and 

denatured amyloid-β in a cell expressing ATG16L1 

T300 will be relatively greater than in a cell expressing 

ATG16L1 A300. The levels of intracellular GRP78 will 

now be elevated to such an extent that this prevents ER 

stress signaling and autophagic degradation of the 

denatured amyloid-β. Furthermore, in contrast to every 

other protein we have previously expressed from a 

constitutive plasmid promoter in isogenic T300/T300 

and A300/A300 cells, the protein expression of “wild 

type” Tau or “mutant” Tau 301L is 25% greater in 

T300/T300 cells compared to A300/A300 cells. These 

findings would a priori predict that persons homozygote 

for T300/T300 would present with a more severe form 

of AD. 

 

The drugs tested in this manuscript have been used 

preclinically and clinically in several anti-cancer 

studies. Our present studies were performed in non-

neuronal cells and as a caveat, it is possible that our data 

in HCT116 and Vero cells will not be reflective of the 

same processes in neuronal cells. As the mechanism of 

drug-action became clearer it was apparent that these 

agents should also be tested in neurodegenerative 

diseases. The entire neurodegenerative field needs rapid 

translational methods that target the underlying cause of 

disease, toxic misfolded protein. The findings from this 

work warrant further testing with a focus on clinical 

utility. 
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