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ABSTRACT ARTICLE HISTORY

Autophagy is a major molecular mechanism that eliminates cellular damage in eukaryotic organisms. Basal
levels of autophagy are required for maintaining cellular homeostasis and functioning. Defects in the
autophagic process are implicated in the development of various age-dependent pathologies including
cancer and neurodegenerative diseases, as well as in accelerated aging. Genetic activation of autophagy
has been shown to retard the accumulation of damaged cytoplasmic constituents, delay the incidence of
age-dependent diseases, and extend life span in genetic models. This implies that autophagy serves as a
therapeutic target in treating such pathologies. Although several autophagy-inducing chemical agents
have been identified, the majority of them operate upstream of the core autophagic process, thereby
exerting undesired side effects. Here, we screened a small-molecule library for specific inhibitors of
MTMR14, a myotubularin-related phosphatase antagonizing the formation of autophagic membrane
structures, and isolated AUTEN-67 (autophagy enhancer-67) that significantly increases autophagic flux in
cell lines and in vivo models. AUTEN-67 promotes longevity and protects neurons from undergoing stress-
induced cell death. It also restores nesting behavior in a murine model of Alzheimer disease, without
apparent side effects. Thus, AUTEN-67 is a potent drug candidate for treating autophagy-related diseases.
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Introduction

The progressive accumulation of cellular damage (such as oxi-
dized, cross-linked, misfolded, or aggregated proteins interfer-
ing with cellular functions) over adult life is a feature common
to all aging cells, and accompanied by the development of
diverse age-dependent degenerative pathologies, including can-
cer, neuronal demise (e.g., Alzheimer, Parkinson and Hunting-
ton diseases), immune deficiency, tissue atrophy, altered lipid
metabolism, and diabetes."* Effective elimination of such
adverse factors is essential for maintaining cellular homeostasis,
and primarily achieved by autophagy (cellular self-eating),
which is a highly regulated, evolutionarily conserved self-degra-
dation (catabolic) process of eukaryotic cells. During auto-
phagy, parts of the cytoplasm are delivered into lysosomes for
breakdown.'* Based on the mechanism of delivery, 3 major
types of autophagy can be distinguished: macroautophagy,
microautophagy, and chaperone-mediated autophagy. In mac-
roautophagy (hereafter referred to as autophagy), a growing

double-membrane structure composed of 2 lipid bilayers (also
known as the phagophore) sequesters cytoplasmic constituents
destined to be degraded.>® The completion of membrane
growth results in a vesicle-like structure called the autophago-
some.” Subsequent fusion of an autophagosome with a lyso-
some generates an autolysosome, in which the enclosed
material is broken down by acidic hydrolases.® The core mecha-
nism of autophagy involves more than 40 Atg/ATG (autoph-
agy-related) proteins (Table S1) that are evolutionarily
conserved from yeast to mammals.® ATG proteins can be clas-
sified into functionally distinct complexes such as the autoph-
agy-inducing complex containing ULK1 kinase (the homolog
of yeast Atgl) and the class III phosphatidylinositol 3-kinase
(PtdIns3K), whose catalytic subunit is PIK3C3 (phosphatidyli-
nositol 3-kinase, catalytic subunit type 3; the mammalian
ortholog of yeast Vps34) for vesicle nucleation, as well as a
ubiquitin-like conjugation system for vesicle expansion. The
ubiquitin-like protein conjugation complex mediates covalent
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binding of the key autophagy protein MAP1LC3/LC3 (micro-
tubule-associated protein 1 light chain 3; an ortholog of the
mammalian family of orthologs and paralogs of yeast Atg8) to
the membrane component phosphatidylethanolamine.

When autophagy is downregulated or inhibited, cellular
functions are often severely compromised, leading to elevated
levels of cell death with apoptotic or nonapoptotic features,
depending on the model used.*'* Hyperactivation of auto-
phagy can also induce massive cell loss.'>'® A natural, age-
dependent decline in the autophagic activity can be observed in
several organisms and human tissues.'”'® These changes are
probably caused by random somatic mutations'>* in genes
involved in the mechanism or regulation of autophagy. Pro-
moting basal levels of autophagy at advanced ages prevents the
accumulation of damaged proteins, retards the incidence of
degenerative processes, and extends life span.'”*"** Such obser-
vations have prompted basic research and pharma industry to
identify autophagy-enhancing drug candidates against a wide
range of age-dependent disorders. Although several com-
pounds have been identified, such as the immunosuppressant
and antiproliferative drug rapamycin, such attempts have either
led to severe undesired side effects or were not followed up with
clinical applications, probably due to toxicity.”** Rapamycin,
for example, is a potent candidate to trigger autophagic activity
in patients diagnosed for different types of cancer.”>*° How-
ever, this compound enhances autophagy by blocking the
MTOR (mechanistic target of rapamycin, [serine/threonine
kinase]) kinase system, which in turn affects translation. Per-
turbation of general protein synthesis is certainly not a desired
purpose in medical applications. Indeed, inhibition of MTOR
arrests development in animal models.*"** Hence, there is an
urgent demand to identify novel autophagy-enhancing com-
pounds, preferably with no side effect, for treating various age-
dependent pathologies.

The growth of the phagophore membrane is driven by a
protein complex whose central component is PIK3C3/Vps34
(Fig. 1).>> This enzyme converts the membrane component
phosphatidylinositol into phosphatidylinositol 3-phosphate
(phosphoinositides have numerous distinct roles in membrane
trafficking). The biochemical reaction catalyzed by PIK3C3 is
critical for autophagic structure formation, and inhibited by
several members of the myotubularin-related phospholipid
phosphatase (MTMR) protein family (note that not all of the
MTMRs have a catalytically active phosphatase domain).** The
first identified mammalian MTMR capable of blocking auto-
phagy in mammalian cell lines is MTMR14/Jumpy (myotubu-
larin-related protein 14 (MTMR14), the ortholog of Drosophila
EDTP (egg-derived tyrosine phosphatase (Table S1).** The
PIK3C3 antagonist MTMR14 prevents the autophagic process
from fatal hyperactivation under conditions of cellular stress.
In line with this proposal, defects in MTMR function are impli-
cated in myotubular myopathy and Charcot-Marie-Tooth
peripheral neuropathy,* 2 groups of diseases that are related to
defective autophagy.”’®*' In this study, we identified a small
molecule, AUTEN-67, which impedes human MTMR14, and
potently enhances the autophagic process in HeLa cells, isolated
neurons and in vivo models, including Drospohila, zebrafish
and mice. Administering AUTEN-67 led to life-span extension
in Drosophila, and effectively protected neurons in primary cell
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Figure 1. The role of MTMR14 in autophagy control. Formation of the autophago-
some membrane depends on the infiltration of phosphatidylinositol-3 phosphate
(PtdIns3P) into the growing membrane structure. Ptdins3P is converted from the
substrate Ptdins by the class Ill PtdIns3K. Certain myotubularin phosphatases
antagonize PtdIns3K, thereby impeding the autophagic process. The mammalian
MTMR protein MTMR14/Jumpy is the ortholog of Drosophila EDTP.
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cultures from undergoing oxidative-stress induced cell death.
Thus, AUTEN-67 serves as a potent drug candidate with anti-
aging and neuroprotective effects.

Results

AUTEN-67 inhibits MTMR14 and enhances autophagy in
HelLa cells

Chronic or robust upregulation of autophagy under cellular
stress conditions frequently leads to the demise of the affected
cell. This process is termed as an alternative—i.e., nonapop-
totic—type of cell death.'>'* To avoid the harmful hyperactiva-
tion of the autophagic process in mammalian cells, MTMR14
cuts down on autophagy initiation via antagonizing PIK3C3,
thereby ensuring their long-term survival.”> Therefore, the
enzyme may serve as a promising drug target whose specific
pharmacological inhibition potentially strengthens autophagy
in pathological conditions that are characterized by insufficient
levels of cellular self-cleaning.

In this study, we screened a small molecule library for spe-
cific inhibitors of human MTMRI14 (see Materials and Meth-
ods). Several candidates were identified and their structural
relatives were also assayed. One of these molecules is N-[3-
(benzimidazol-1-yl)-1, 4-dioxonaphthalen-2-yl]-4-nitrobenze-
nesulfonamide (its identification number in the library is
T0501-7132), which we labeled AUTEN-67 (autophagy
enhancer-67) (Fig. 2A). This compound reduced the phospha-
tase activity of MTMRI14 in a concentration-dependent manner
(Fig. 2B). Applying at concentrations of 2, 10, and 100 uM,
AUTEN-67 inhibited MTMR14 by nearly 3%, 25%, and 70%,
respectively. So far, this interaction appears to be specific as
AUTEN-67 did not influence the activity of either an unrelated
protein, the cell cycle regulator CDC25B (cell division cycle
25B), or another phosphatase, PTPN1 (protein tyrosine phos-
phatase, nonreceptor type 1); there was 0% inhibition in both
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Figure 2. AUTEN-67 inhibits MTMR14 and induces autophagic flux in HeLa cells. (A) Chemical structure of AUTEN-67 (AUTophagy ENhancer-67). Its catalog name is T0501-
7132 (N-[3-(benzimidazol-1-yl)-1, 4-dioxonaphthalen-2-yl]-4-nitrobenzenesulfon-amide). (B) AUTEN-67 inhibits MTMR14 in a concentration-dependent manner. Treat-
ments were carried out for 3 h (see Materials and Methods), and AUTEN-67 was applied at 2, 10, and 100 M concentrations. P <0.001, paired Student t test. Untreated
cells represent 0% inhibition value (not shown). For treated cells, relative inhibition values are displayed. (C to F) HelLa cells transgenic for a dual-labeled autophagy
reporter (RFP-GFP-LC3B)*? were treated with DMSO (control) (C), Baf (which inhibits autophagy at the autophagosme-lysosome fusion stage) (D), rapamycin (an autoph-
agy inducer) (E), and AUTEN-67 (F). Yellow dots correspond to autophagosomal structures, red foci indicate autolysosomes. (G) Quantification of autolysosomes in Hela
cells treated with DMSO only (control), Baf, rapamcin and/or AUTEN-67. The number of red foci was determined in 30 cells, assays were performed in triplicates. Bars rep-
resent s.e. Relative to control (DMSO), each treated sample shows a significant difference (P<0.001; paired Student t test). (H) AUTEN-67 enhances viability of HeLa cells
(survival rate was determined by the MTT method, see Materials and Methods). The dashed red line represents the mean survival rate of control, untreated cells (100%).

Bars represent s.e.m. At each AUTEN-67 concentration tested, the statistical difference:

cases. We next tested whether AUTEN-67 can enhance auto-
phagic activity in HeLa cells expressing an autophagy reporter,
RFP-GFP-LC3B (LC3 fused to both the red and green fluores-
cent proteins); Figs. 2C to F.*> LC3B is a ubiquitin-like protein
that is covalently conjugated to the forming autophagosome
membrane, thereby labeling autophagic structures unambigu-
ously.* Moreover, the RFP-GFP-LC3B reporter can be used to
assay autophagic flux (i.e., the dynamics of the autophagic pro-
cess); on fluorescence images autophagosomes and autolyso-
somes are indicated by yellow and red foci, respectively (GFP
protein is unstable in the acidic lumen of autolysosomes).*> By
adding AUTEN-67 at 10 and 100 «M concentrations into the
cell culture media, the number of autophagic structures (yellow
and red structures) increased substantially—by almost
4 times—as compared to untreated control cells (Figs. 2C, F,
G). These results indicate that AUTEN-67 acts as a potent
enhancer of autophagic flux in HeLa cells. In accordance with

P<0.001 (paired Student t test).

these data, AUTEN-67 significantly raised levels of the mem-
brane-bound form of LC3B (LC3B-II) in HeLa cells treated
with bafilomycin A; (Baf) inhibiting autophagosome-lysosome
fusion (Fig. S1). Used at 100 uM, the effect of AUTEN-67 on
LC3B-II accumulation was similar to, or even stronger than,
that generated by 100 nM of rapamycin (Fig. S1B). In addition,
levels of the autophagy substrate SQSTM1/p62 (sequestosome
1) were decreased by an extent comparable to that triggered by
rapamycin treatment (Fig. S1A).

Since physiological levels of autophagy are critical for main-
taining cellular homeostasis, we examined the survival of HeLa
cells exposed to AUTEN-67 treatment. In this setting,
AUTEN-67 effectively elevated cell survival in a concentration-
dependent manner (Fig. 2H). When applied at 100 uM, this
small molecule inhibited cell loss by almost 40%, as compared
with untreated controls. We also assessed whether AUTEN-67
interferes with endocytosis because many ATG genes have been
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reported to influence this cellular membrane formation-depen-
dent process as well. Following treatment with AUTEN-67, we
found no change in endocytic activity in a human cell line
transgenic for an EGFR (epidermal growth factor receptor)-
GEFP reporter (Fig. S2A to D) and in Drosophila fat body cells
expressing the early endosome marker Rab5-CFP (cyan fluores-
cent protein) (Fig. S2E to H). Taken together, AUTEN-67 sig-
nificantly increases autophagic flux in, and promotes the
survival of, HeLa cells.

AUTEN-67 increases the amount of autophagic structures
in the Drosophila fat body

MTMRI14 negatively regulates autophagy in mammalian cells
and zebrafish.>** A protein alignment analysis uncovered that
human MTMRI14 contains some evolutionarily conserved
domains between the amino acids 305 and 460 (Fig. S3). This
finding prompted us to monitor the inhibitory effect of
AUTEN-67 on autophagy in animal genetic models. First, we
examined the fat body of feeding L3F stage Drosophila mela-
nogaster larvae transgenic for a mCherry-Atg8a reporter.*” The
fat body serves as a tractable tissue model for studying develop-
mentally programmed and stress-induced autophagy. We
found that Drosophila EDTP/MTMRI14 effectively downregu-
lated the autophagic process in fat body cells (Fig. S4). Clonal
inactivation of EDTP caused a significant increase in the
amount of autophagic structures in the affected cells, as com-
pared with the corresponding controls (Fig. S4). Both basal and
starvation-induced autophagy was negatively regulated by
EDTP. Consistent with these results, clonal hyperactivation of
EDTP strongly inhibited the formation of autophagic structures
in fat body cells exposed to nutrient deprivation (Fig. S5). Thus,
EDTP effectively represses both unstressed (basal) and stress-
induced autophagy in this organism.

Next, we treated L3F stage Drosophila larvae with AUTEN-
67, and examined the amount of autophagic structures in their
fat body cells. In untreated control animals, the fat body cells
displayed only diffuse red signals, showing no or minimal levels
of developmental and housekeeping autophagy (Fig. 3A). In
contrast, AUTEN-67 supplemented into the agar media at 100
1M vigorously induced the formation of mCherry-Atg8a-posi-
tive red foci corresponding to autophagic structures in the fat
body cells of L3F stage larvae (Fig. 3B). The effect of AUTEN-
67 treatment in larvae exposed to starvation was also tested.
Food deprivation per se significantly increased the number of
autophagic structures in the fat body (Fig. 3C). Under such
conditions, AUTEN-67 applied only at 10 uM concentration
caused a robust upregulation of autophagy (Fig. 3D).

We also aimed to determine whether the autophagy-enhanc-
ing effect of AUTEN-67 in this organism was specific, i.e.
whether it occurred through inhibiting EDTP. To this end, we
examined L3F larvae whose fat body cells clonally overex-
pressed EDTP (EDTP"***%7). Upon treatment with AUTEN-
67 at different concentrations, the GFP-labeled (green) fat body
cells overexpressing EDTP contained many fewer autophagic
structures (i.e., mCherry-Atg8a-positive red dots) than those
lacking the green fluorescent signal (nonoverexpressing cells)
but having otherwise an identical genetic background (Fig. 3E
to F’). Quantification of autophagic structures revealed a

roughly 30- to 60-fold increase in nongreen cells in response to
AUTEN-67 treatment (at 50 wM), and this enhancement was
largely inhibited in green (i.e., EDTP-overexpressing) cells
(Fig. 3G to G”). It has previously been shown that depletion of
MTMR14 causes WIPI1/Atgl8 (WD repeat domain, phosphoi-
nositide interacting 1) accumulation on the phagophore. We
found that this is also the case with AUTEN-67 treatment
(Figs. 3H, I). Together, these results strongly suggest that
AUTEN-67 promotes autophagy in the Drosophila fat body via
inhibiting EDTP.

We also measured SQSTM1 levels in wild-type (control)
versus EDTP defective (caused by the loss-of-function mutant
EDTP allele MI08496) fat body samples treated with AUTEN-
67 (Fig. 4). Adding the agent to control cells robustly impeded
the accumulation of SQSTMI, as compared with untreated
controls. However, this inhibitory effect of AUTEN-67 on
SQSTM1 levels was completely eliminated in EDTP™™%
mutant background, implying that EDTP is the sole fly MTMR
protein through which AUTEN-67 enhances autophagy. Simi-
lar results were obtained by quantifying Atg8a-positive auto-
phagic structures in control vs. EDTP*"%***® mutant genetic
backgrounds (Fig. S6).

AUTEN-67 increases autophagy in zebrafish and mice

To further confirm the evolutionary conservation of the molec-
ular mechanisms by which AUTEN-67 influences autophagy,
we assayed zebrafish transgenic for a Gfp-Lc3 reporter (Fig. 5A
to D).**® The addition of AUTEN-67 at 50 uM to the samples
led to a moderate intensification in Gfp fluorescence, relative to
untreated control fish samples (for quantifying Gfp intensity,
see the corresponding figure legend). The number of Gfp-posi-
tive spots was higher in treated samples (Figs. 5B-D).

Finally, we injected AUTEN-67 intraperitoneally into mice,
and, after sacrificing the animals 1 h following treatment,
examined autophagic structures in different tissues by trans-
mission electron microscopy (EM). Exocrine pancreatic, kidney
epithelial, and heart muscle cells from treated animals dis-
played a massive increase in autophagic activity, as compared
to untreated controls (Figs. 5E to G). For example, in untreated
pancreatic cells, profiles of autophagic vacuoles can very rarely
be seen in EM sections (almost zero level in Fig. 5G).*” In con-
trast, AUTEN-67 treatment induced the formation of a large
number of autophagic structures in this tissue (black arrows in
Fig. 5E, and also see Fig. 5G). Many of these structures corre-
spond to late autolysosomes (Fig. 5F), demonstrating that
AUTEN-67 acts as a potent stimulator of autophagic flux in
vivo. We gained similar data when AUTEN-67 was adminis-
tered orally. Taken together, these results show that in mice,
AUTEN-67 is effectively absorbed, allowing its penetration into
different tissues where it enhances autophagic activity.

AUTEN-67 extend:s life span in Drosophila

The aging process is driven by the lifelong, progressive accumu-
lation of unrepaired cellular damage, leading to a natural
decline in the fitness of an organism over time.*® Accumulating
evidence indicates that autophagy—a major pathway for elimi-
nating toxic and superfluous cytoplasmic materials—functions
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Figure 3. AUTEN-67 induces autophagy in Drosophila via inhibiting EDTP. (A) Fat body cells from a feeding L3 stage larva (90 h) transgenic for a mCherry-Atg8a reporter
show basal levels of autophagic activity. (B) AUTEN-67 (100 p.M) treatment results in a massive accumulation of Atg8a-positive structures in the fat body of a L3F larva.
(C) Fat body cells of a starved L3 stage larva (90 h) accumulate autophagic structures. (D) AUTEN-67 (10 M) increases the amount of Atg8a-positive structures in fat
body cells of a starved L3 larva, as compared to untreated control. (E to G”) Clonal overexpression of EDTP in fat body cells largely, but not completely, inhibits the forma-
tion of autophagic structures (red foci) induced by AUTEN-67 at 10 M (E and E'), 100 uM (F and F’) and 50 uM (G and G') concentrations. EDTP-overexpressing cells are
green in the left panels, and outlined by dotted lines in the corresponding right panels. (G") Quantification of autophagic structures in Drosophila fat body cells treated
with AUTEN-67 (50 M). EDTP-overexpressing (green/outlined) cells contain much fewer autophagic structures than nongreen controls (*: P <0.05, **: P<0.01, ***:
P<0.001; paired Student t test). Bars represent s.e. (H) Expression of Atg18a/WIPI1 in fat body cells from a untreated L3 stage larva (control). Red foci label phagophores.
() Atg18a/WIPI1 abundantly accumulates in fat body cells of an L3 stage larva treated with 100 uM AUTEN-67. In figures A to G, H and |, bars indicate 10 ;m, blue color-

ing (Hoechst staining) labels nuclei.

as a central regulatory mechanism of aging.***' In mice, for
example, the overexpression of Atg5 significantly promotes lon-
gevity.”> Moreover, prolonged expression of Atg8a gene in the
nervous system of old adults is sufficient to extend life span in
Drosophila."” Hence, we asked whether AUTEN-67 also has
the potential to promote longevity in flies. By applying it from
the onset of the adulthood, this compound applied at 30 uM
significantly increased the maximum life span of the treated
animals (indicated by small arrows on Fig. 6). The maximum
life span of treated animals exceeded that of controls by nearly
30%. The life-span-extending effect of AUTEN-67 in this
organism was evident mainly at advanced ages when the life-
span curves of untreated and treated animals significantly sepa-
rated from each other. Furthermore, AUTEN-67 increased life
span in both sexes (note that on Fig. 6, only cumulative data
are shown). These results suggest that at least in Drosophila,
AUTEN-67 is not a toxic material and causes no deleterious
side effect.

AUTEN-67 protects neurons from oxidative stress

By effectively eliminating cellular damage, autophagy pro-
tects neurons from undergoing cell death and maintains

their normal functions.”® In Drosophila, the capacity of
autophagic activity declines progressively as the organism
ages."” Thus, promoting basal levels of autophagy by phar-
macological means in the nervous system of patients at
advanced ages seems to be a reasonable intervention in the
clinics. To test whether it can also exert a neuroprotective
effect, we treated mouse cortical neurons in primary cell
cultures with AUTEN-67. We found that the molecule
indeed causes decreased levels of LC3B-II (the lipid-conju-
gated form of LC3B) in this in vitro model (Fig. 7A). Since
LC3B-I (the soluble form of LC3B) levels were not signifi-
cantly changed in response to administering AUTEN-67, it
is likely that a large portion of LC3B-II proteins became
enzymatically degraded in autolysosomes. This is supported
by the finding that rapamycin treatment also led to a low-
ered accumulation of LC3B-II (Fig. 7A). Furthermore, the
amount of SQSTM1 markedly decreased when AUTEN-67
was added to the cells. Based on these data we conclude
that AUTEN-67 is capable of inducing autophagic flux in
neurons. In good agreement with autophagy induction,
AUTEN-67 treatment significantly enhanced the viability of
isolated neurons in a concentration-dependent manner
(Fig. 7B). We also tested the accumulation of SQSTM1 and
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Figure 4. Activation of autophagy by AUTEN-67 depends on EDTP function. (A)
Western blot analysis demonstrating Ref(2)P/SQSTM1/p62 protein levels in wild-
type (control) and EDTP-deficient (MI08496 mutant) Drosophila fat body samples.
EDTP protein is not detectable in EDTP*%%*6 mutant samples (upper row). This
indicates that EDTPM%%% is a strong loss-of-function allele. AUTEN-67 cannot fur-
ther decrease p62/Ref(2)P accumulation in EDTPY®*% genetic background, as
compared with the untreated mutant sample. Thus, EDTP may represent the sole
MTMR paralog through which AUTEN-67 induces autophagy. a-Tubulin84B serves
as an inner control. (B) Quantification of Ref(2)P/SQSTM1/p62 levels in fat body
samples. Band intensities from the western blot (panel A) were measured.

LC3B-II proteins under conditions where AUTEN-67 was
cotreated with the autophagy inhibitor Baf or chloroquine
(these inhibitors compromise the fusion of autophagosome
with lysosome) (Figs. 7C and C’). Both proteins accumu-
lated considerably when autophagy was blocked even in the
presence of AUTEN-67. Thus, AUTEN-67 enhances not
only the induction (generation of autophagosomes) but also
the degradation (generation of autolysosomes) phases of
autophagy.

Next, we tested whether AUTEN-67 protects neurons
from oxidative stress-induced cell death. Isolated neurons
were exposed to 25 to 75 uM hydrogen peroxide (H,O,),
an agent that massively causes oxidative stress, and treated
with AUTEN-67 at various concentrations (1-10 uM). In
this assay, AUTEN-67 markedly enhanced both autophagic
flux (Fig. 7D) and the survival of neurons (Fig. 7E). Apply-
ing at 10 uM of the compound, the loss of neurons was
suppressed by around 30%, relative to cells exposed to 75
uM H,0, only. Thus, AUTEN-67 exhibits a spectacular
neuroprotective power.

AUTEN-67 restores nesting behavior in mice expressing the
human APP/amyloid precursor protein

Finally, we tested AUTEN-67 in an in vivo (murine) neurode-
generative model. Mice expressing the human APP (amyloid 8
[A4] precursor protein) serve as a tractable genetic model of
Alzheimer disease.”*>> We assayed nesting behavior in control
versus AUTEN-67-treated animals (for quantifying nesting
behavior and performing the assay, see the Materials and Meth-
ods section; Fig. S7). Upon administering AUTEN-67 for a 3-
mo period, impaired nesting behavior was restored by around
30% (Fig. 8A). We also measured the amount of 2 amyloid

proteins, 40 and B42, in treated vs. untreated animals, and
found a significant (P<0.05; Student ¢ test) decrease in protein
levels in the treated samples (Figs. 8B and C). These results sug-
gest that AUTEN-67 improves neuronal functions in mice,
probably by reducing levels of toxic proteins. Importantly,
AUTEN-67 administered orally was quickly (after 30 min fol-
lowing the treatment) detectable from blood and, to a lesser
extent, brain samples (Fig. S8). We conclude that absorption of
the molecule from the intestine occurs quite effectively, and
that it can cross the blood-brain barrier. Furthermore, general
behavior, movement, feeding, body temperature, and weight in
the treated animals were comparable with those observed in
control (untreated) animals (Fig. S9, and data not shown),
implying that application of AUIND-67 for 3 mo does not lead
to undesired side effects.

Discussion

In this study, we identified a potent autophagy-enhancing small
molecule, AUTEN-67 (Fig. 2A). We found that this agent
inhibits the phosphatase activity of human MTMR14 (Fig. 2B),
a negative regulator of autophagic membrane formation.
AUTEN-67 did stimulate autophagic flux (i.e., it increased the
number of both autophagosomes and autolysosomes) in
human (HeLa) cell lines (Figs. 2C to G), as well as enhanced
the amount of autophagic structures in Drosophila, zebrafish,
and mice (Figs. 3 and 5). Based on these data we suggest that
AUTEN-67 interferes with a functional domain of MTMR14/
EDTP that is highly conserved among these species (Fig. S3).
Daily treatment of mice with AUTEN-67 for a 3-mo period did
not significantly affect the general behavior, activity, and mor-
phology of the animals tested (Fig. S9), implying that it has no
apparent side effects. Accordingly, AUTEN-67 was able to
extend life span in Drosophila (Fig. 6). Furthermore, AUTEN-
67 effectively protected mouse cortical neurons in primary cell
cultures against H,0,-induced oxidative stress (Fig. 7E), and
fixed nesting behavior in mice expressing the human APP gene
(Fig. 8A). What is the significance of these findings? Both the
aging process and the incidence of age-dependent diseases are
known to result from the lifelong, progressive accumulation of
cellular damage.*** Autophagy functions as a major catabolic
process by which toxic and superfluous cellular constituents
are effectively degraded, thereby maintaining the homeostasis
of the cytoplasmic milieu."” The capacity of autophagic degra-
dation, however, displays a characteristic age-dependent
decline.'” In good accord with these findings, a genetic inter-
vention prolonging Afg8 expression only in neurons protects
cells from accumulating ubiquitinated (damaged) proteins, and
extends the life span of the organism.'” A similar feature in the
age-dependent capacity of autophagy has been observed in
humans too: brain samples from elderly patients show elevated
levels of SQSTM1 protein serving as a substrate for selective
autophagic degradation, as compared to younger ones.”® Based
on these data, one can speculate that in humans prolongation
of basal autophagy by pharmacological interventions delays
substantially the development of a wide range of degenerative
pathologies.

Aging is thought to be a collection of seemingly independent
degenerative processes leading to disease, and, ultimately,
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Figure 5. AUTEN-67 enhances autophagy in zebrafish and mice. (A) AUTEN-67 increases the glowing intensity of an autophagy reporter (Gfp-Lc3b) in zebrafish embryos.
GFP intensity increases by 1.36- and 1.38-fold upon administration of 10 and 50 uM of AUTEN-67, respectively (P < 0.001, paired Student t test). Fluorescent images.
N=4, at both concentrations. (B) Fluorescence image of an untreated (DMSO) Gfp-Lc3 fish sample (large magpnification). (C) Fluorescence image of a sample treated with
AUTEN-67. Green foci indicate autophagic structures. (D) Quantification of green punctae in untreated vs. treated cells. P < 0.01; paired Student ¢ test. (E) Transmission
electron microscopy (TEM) image showing the ultrastructure of exocrine pancreatic tissue from a mouse treated with AUTEN-67. Arrows indicate autophagic structures
(autophagosomes and autolysosomes). Note that control cells display almost no sign of autophagic structures observed at the ultrastructural level.*” Scale bar: 1 um. (F)
TEM picture displays the ultrastructure of a pancreatic cell from a mouse administered orally with AUTEN-67. Arrows indicate late autolysosomes, implying that AUTEN-67
induces autophagic degradation. Scale bar: 1 m. (G) Quantification of autophagic structures in exocrine pancreatic (“pancreas”), kidney epithelial (“kidney”) and heart
muscle (“heart”) tissues from mice treated with AUTEN-67 solved in DMSO (red columns) and with DMSO only (blue columns). Bars represent s.e. In each tissue examined,
differences between the corresponding treated and untreated samples are statistically significant (***: P < 0.0071; paired Student t test).

death. Thus, if the cure of such pathology were to be found, it
would only increase the risk of an individual to acquire another
type of age-dependent disease. Maintaining normal levels of
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Figure 6. AUTEN-67 extends life span in Drosophila. Newly hatched male and
female adults were treated with AUTEN-67 (at 30 M of final concentration), and
dead animals were assayed every 2 d. Kaplan-Meier curves were generated by the
SPSS program. Treated animals live significantly longer than untreated controls
(P <0.001). Arrowheads indicate maximum life-span data.

autophagic activity appears to be a potent method of delaying
the incidence of various degenerative pathologies and preserv-
ing the healthy state of the organism.

The pharmaceutical industry is currently exerting enormous
efforts to identify novel autophagy enhancers. However, the
majority of the candidates identified so far act upstream of the
core autophagic process, thereby generating undesirable side
effects. Certain myotubularin phosphatases are known to func-
tion as negative regulators of autophagy via antagonizing
PtdIns3K, a core component of the process (Fig. 1).”*" As
excessive autophagy often leads to cell death, these enzymes
function to inhibit the harmful hyperactivation of basal and
stress-induced autophagy. Identified by the present study
(Fig. 2A), AUTEN-67 effectively compromised the phosphatase
activity of MTMR-14 (Fig. 2B), and stimulated autophagy in
both in vitro and in vivo (Figs. 2C to H, 3 and 5). Chronic
absence of MTMRI14 function, in particular during early devel-
opment, can be associated with autophagy hyperactivation and
the incidence of certain myo- and neuropathies.** However,
moderate activation of cellular self-cleaning by acute or
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Figure 7. AUTEN-67 induces autophagic flux and increases viability in neurons. (A) Western blotting demonstrates relative SQSTM1/p62 and LC3B-Il protein levels in
murine primary neuronal cell cultures. Similar to rapamycin treatment, AUTEN-67 decreases the level of both proteins. LC3B-I levels remain nearly constant. (B) AUTEN-67
increases viability of isolated neurons in a concentration dependent manner. The dashed red line indicates mean relative viability of untreated control cells (100%). Sur-
vival of cortical neurons from a 7-d-old cell culture prepared from a 15-d-old mouse embryo is significantly increased in response to AUTEN-67 treatment. Survival rate
was determined by the MTT method (see Materials and Methods). Data represent the results of 5 independent treatments. Bars represent s.e.m. For each treated sample,
P < 0.001 (Student t test). (C) Relative levels of SQSTM1/p62 and LC3B-Il proteins (western blot). AUTEN-67 decreases the level of both proteins only in the absence of
autophagy inhibitors (Baf and chloroquine). (C') Quantification of band intensities from relevant western blots. Bars represent s.e. *: P < 0.05; **: P < 0.01: ***: P < 0.001,
compared to control values (unpaired t test). (D) Western blot analysis showing relative SQSTM1/p62 and LC3B-Il levels. AUTEN-67 increases autophagic flux in isolated
neurons exposed to oxidative stress. (E) AUTEN-67 strongly enhances the viability of isolated neurons exposed to H,0, treatment. Survival rates were determined by the
MTT method. Data represent relative changes to cells treated with H,0, only (control). Columns display the results of 4 independent treatments. Bars represent s.e.

(Student t test). On panels A, C and D, GAPDH serves as control.

periodic inhibition of MTMR14 in advanced ages may help to
maintain cellular homeostasis, enhance the survival of neurons,
and protect against the occurrence of diverse human patholo-
gies. Therefore, AUTEN-67 can be used as a potent drug candi-
date to decelerate the aging process and counter various age-
dependent degenerative diseases. Taken together, further devel-
opment of AUTEN-67, including structural determination of
the MTMR14-AUTEN-67 complex, molecular optimization,
and a detailed pharmacological analysis, seems to be a reason-
able effort.

Materials and methods
Selection of putative MTMR14 inhibitors

A 2-pronged strategy was applied. One method included the
collection of known phosphatase inhibitors and running their
chemical structures through a similarity test in a diverse

compound library. The other method included a chemical
microarray screening of 9000 immobilized small molecules
(obtained from Enamine Ltd, Ukraine) tested in a binding assay
with fluorescently labeled MTMR14 protein in order to identify
new active scaffolds. Compounds showing appreciable binding
were tested in the described MTMR14 assay. Small Molecule
Microarray Screening: Avichemix™ small molecule microar-
rays (Avicor Ltd. Szeged, Hungary) were used for protein-small
molecule interaction studies. Small molecule microarrays were
constructed and prepared for screening as previously
described.””*® Briefly, for printing with MicroGrid II mechani-
cal microarray microspotter (BioRobotics, Cambridge, UK)
chemically activated glass slides (Avicor Ltd., Szeged, Hungary)
were used, which contain a treelike, branched dendrimer struc-
ture with reactive functional groups at the terminal position.>
Fluorescent-labeled MTMR14 was prepared with Alexa Fluor
647 carboxylic acid succinimidyl ester (Molecular Probes, A-
20106) as previously described.®® The affinity experiments were
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Figure 8. AUTEN-67 restores nesting behavior and decreases APP levels in a mouse model of Alzheimer disease. (A) Relative changes in the ability of nesting behavior, as
compared to controls. Animals were classified into 5 distinct nesting groups (see Materials and Methods and the Fig. S7) at 0 (white columns), 6 (gray columns) and 15
(black columns) weeks of treatments. Administration of AUTEN-67 restores nesting ability of mice transgenic for human amyloid precursor protein (APP). For difference
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AUTEN-67 treatment decreases soluble human amyloid 840 protein levels in the hemibrain of mice transgenic for human APP (**: P < 0.01, paired Student ¢ test). (C)
AUTEN-67 treatment decreases insoluble human amyloid 842 protein levels in the hemibrain of mice transgenic for human APP (*: P < 0.05, paired Student t test). Bars

represent s.e.

carried out in a hybridization station (Ventana Discovery, Tuc-
son, AZ, USA). 10 ul of each labeled protein extract was
applied in 200 wl phosphate buffered saline [PBS (Sigma,
P4417) containing 2% BSA (Sigma, A2153)] (final dilution
1:1000). The slides were incubated at 37°C for 2 h. Afterwards
the slides were removed from the hybridization station washed
with 2x SSC (Sigma, S0902) with 0.5% Tween 20 (Sigma,
P7949) for 1 min. Finally the slides were rinsed with deionized
water and dried. The slides were scanned with a ScanArray Lite
(GSI Lumonics, Billerica, USA) microarray scanner at 633 nm.
Compounds that interacted with MTMR14 were identified as
fluorescent intensive spots (4-fold over background average
intensity signal). After spotting the microarrays were scanned
using an Agilent G2505B Microarray Scanner (Agilent Tech-
nologies, Santa Clara, CA, USA) (lasers: 532 nm SH-YAG and
633 nm HeNe) with 10 pum resolution and maximum laser
power. Microarray images were analyzed by the Feature Extrac-
tion Software (Agilent, Waldbronn, Germany) and GenePix
Pro 6.0 (Axon Instruments, Foster City, CA, USA).

Phosphatase assays

MTMR14 assay: MTMR14 protein was purchased from Ori-
Gene Technologies (022485). The biochemical assay consisted
of purified MTMRI14 protein (OriGene Technologies,
TP300809) (37 ng/reaction), 100 M phosphatidylinositol 3-
phosphate (Echelon Biosciences, P-3008a) in 25 mM Tris-HCI,

pH 6 buffer (Molar Chemicals, 09350-101-190) containing
2 mM DTT (Sigma, 17-1318-01) in 10-ul total volume. The
reactions were incubated at room temperature and after 3 h
free phosphate was measured with the Malachite green reagent
(Sigma, M9015). PTP1B assay: PTP1B protein was purchased
from Sino Biological (10304-HO7E). Phosphatase activity was
measured in a colorimetric biochemical assay using the nonspe-
cific phosphatase substrate para-nitrophenyl-phosphate (pNPP,
Sigma, S0942). Each 50 ul reaction contained 71ng PTP1B
enzyme in 30 mM Tris-HCl pH=8 buffer with 1 mM EDTA
(Sigma, E5134-500G), 75 mM NaCl (Molar Chemicals, 07220-
101-190), 1 mM DTT, 0.033% BSA and 20 mM pNPP (Sigma,
73737). Reactions were incubated at room temperature for 2 h
and signals were recorded at 405 nm. CDC25B assay: CDC25B
protein was purchased from Bioneer (E-3354). Phosphatase
activity was measured in a colorimetric biochemical assay using
the non-specific phosphatase substrate para-nitrophenyl-phos-
phate (pNPP). Each 50 ul reaction contained 150 ng CDC25B
enzyme in 30 mM Tris-HCl pH=8 buffer with 1 mM EDTA,
75 mM NaCl, 1 mM DTT, 0.033% BSA and 20 mM pNPP.
Reactions were incubated at room temperature for 5 h and sig-
nals were recorded at 405 nm.

Assaying autophagy flux in Hela cells

HeLa cells transgenic for a functional GFP-RFP-LC3B autoph-
agy reporter> were cultured in DMEM (Dulbecco’s modified
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Eagle’s medium; Sigma, D7777) containing 4500 mg/l glucose,
10% heat inactivated fetal calf serum (Merck, 1083421000), 40
png/ml gentamycin (Hungaropharma, 20130529) and 600 pg/
ml G418 (Sigma, G8168). 3 x 10* cells were plated onto
13 mm poly-D-lysine (Sigma, P7405) coated coverslips (Sigma,
P0899) in 24-well plates (Greiner, M8812-100EA) 24 h before
the treatment. Cells were exposed to 1, 10, and 100 uM
AUTEN-67 for 6 h. As controls, 1% DMSO (Sigma, 41640),
200 nM rapamycin (an autophagy inducer; Sigma, R8781) and
100 nM bafilomycin A,/Baf (an autophagy inhibitor; Sigma,
B1793) were used. For fluorescence microscopy study, cells
were fixed in 4% paraformaldehyde (Taab, P001/0) and
mounted in Mowiol 4.88 (Polysciences, 324590) supplemented
with bis-benzimide (Sigma, B1155) for nuclear staining. 5 epi-
fluorescent pictures were taken in each condition using a BX51
microscope (Olympus, Unicam, Budapest, Hungary) equipped
with a FluoViewlII camera and the AnalysisPro software (Olym-
pus), using a 60x/1.4 oil Plan Apochromat objective and the
appropriate filter sets (DAPI: BP330-385/DM400/BA420; GFP:
BP460-500/DM505/BP510-560; RFP:  BP480-550/DM570/
BA590). RFP intensity shows both the soluble LC3 molecules
and activated LC3 along the whole autophagy process (late
stages included). Conversely, GFP intensity shows soluble
LC3B molecules and LC3B only in the early stages of autoph-
agy, as GFP fluorescence is bleached by the acidic pH of the
lysosome in late autophagosomes. To study autophagic activity,
the number of RFP- and GFP-specific foci was measured in
each cell by Image] software. Data were analyzed with the
paired Student t test, statistical signiﬁcance was set at P<0.05.

Cell viability assays

HeLa cells were seeded into (12-well) cell culture plates (Sigma,
M8812) at 10° cells/well density in DMEM (Sigma, D7777)
supplemented with 10% fetal calf serum (Life Technologies,
10106-169). Cells were treated with AUTEN-67 (at different
concentrations), Baf (50 nM) and rapamycin (100 nM) accord-
ing to the scientific design for 24 h. Cell viability was measured
by the MTT method.®" Briefly, cells grown in 96-well plates
were treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT, Sigma, M2128) in a final concentra-
tion of 250 ug/ml. After 2 h of incubation, cells and formazan
crystals were dissolved in acidic (0.08 M HCI) isopropanol
(Merck, 109634). Optical density was determined at a measur-
ing wavelength of 570 nm against 630 nm as reference with a
Multiscan Bia-Rad ELISA reader (Thermo, Bio-science, Buda-
pest, Hungary). Assays were carried out on 6 parallel wells. At
least 5 independent viability assays were carried out. Data are
shown as average + s.e.m., compared using the Student ¢ test
(P < 0.05).

Culture and drug treatment of fly strains

Flies were raised on standard cornmeal medium (http://fly-
stocks.bio.indiana.edu/Fly_Work/media-recipes/harvardfood.

htm) at 18-25°C, with some exceptions that are elsewhere indi-
cated. L3 feeding larvae were treated 3 h prior to dissections.
Animals were placed into a suspension consisting of instant
yeast medium, supplemented by AUTEN-67 (T0501-7132)

solved in DMSO (Sigma, D8418) (or the same volume of
DMSO only for untreated, control samples).

Dissection and microscopy of Drosophila larval fat body
samples, quantification, and statistics

Preparation of fat bodies was carried out in PBS (Sigma, P4417)
solution. Covering was achieved in glycerine (Sigma, G2289)-
PBS (8:2) solution containing Hoechst 33342 (Molecular
Probes, H-1399) at 10 uM final concentration. Microscopy was
performed with a Zeiss Axiolmager Z1 epifluorescence micro-
scope equipped with an ApoTome semiconfocal setup with
objective Plan-NeoFluar 40x 0.75 NA (Eotvos Lorand Univer-
sity, Budapest). Images were analyzed using the Image] 1.45s
software. Statistics were calculated by the program MATLAB
7.12.0 (http://en.softonic.com/s/matlab-7.12-full-version).

Measuring autophagy activity in the fat body of feeding
Drosophila larvae at the L3 stage

Autophagy activity was assayed in a fly strain with genotype of
hsFlp;pAct<CD2<Gal4,UAS-nlsGFP,r4-mCherry-Atg8a, at the
feeding L3 larval stage. Without treatment, basal autophagy
shows no detectable level of mCherry-Atg8a-positive red foci in
the fat body at this developmental stage. Two h prior to treat-
ment, 90-to-94-h-old larvae were placed into a suspension con-
sisting of instant yeast medium (Lesaffre, 59703). AUTEN-67
(T0501-7132) dissolved in DMSO was added into final concen-
trations of 10 and 100 uM. Larvae were treated for 2 h at 25°C,
and compared with untreated control ones with the same age
and genotype. To examine the effects of AUTEN-67 on auto-
phagic activity in an EDTP-defective genetic background, we
used the EDTP mutant allele Mi{MIC}EDTP084% (Blooming-
ton Drosophila Stock Center — BDSC, 44782). The transposon
is located in the first intron of EDTP and serves as a genetrap.
Both control w!'*® and MifMIC}EDTP%% flies were crossed
with males carrying r4-mCherry-Atg8a, and a large deletion, Df
(2R)BSC161, which overlaps the EDTP genomic region (BDSC,
9596). F1 larvae were raised at 29°C, 74-to-78-h-old L3 feeding
larvae were treated with AUTEN-67 (100 uM) as described
above. For statistics, unpaired t tests were applied.

Monitoring the accumulation of Atg18a-positive
phagophores

To investigate the effect of AUTEN-67 on the phagophore
accumulation we used of hsFlp; pAct<CD2<Gal4, UAS-
nlsGFP, r4-mCherry-Atgl8a strain.®” 86-to-90 h-old L3 feeding
larvae were treated with AUTEN-67 (100 xM). Unpaired ¢ tests
were applied.

Testing autophagic activity in Drosophila fat body cells
clonally overexpressing EDTP

Tests were performed in a strain derived from crossing between
hsFlp;pAct<CD2< Gal4,UAS-nlsGFP,r4-mCherry-Atg8a® and
y' w¥; P{EPgy2}EDTP*"****” (BDSC, 22600). The fat body
of F1 offspring at the L3 larval stage (90 h) overexpresses
clonally EDTP, which antagonizes autophagic membrane



formation (only the EDTP-overexpressing fat body cells are
green). Animals were treated with AUTEN-67 dissolved in 50
uM DMSO. Untreated controls were maintained on media
containing DMSO only. Statistics were calculated by the pro-
gram MATLAB 7.12.0; unpaired and paired t tests were
applied.

Testing autophagic activity in Drosophila larval fat bodies
defective or hyperactive for EDTP

Tests were performed on animals derived from crossing
between hsFlp; pAct<CD2<Gald, UAS-nlsGFP, r4-mCherry-
Atg8a and i) EDTP“'*"?"> (BDSC, 41633,) ii) P{EPgy2}EDT-
PEY??%7 (BDSC, 22600), iii) EDTP“***”® (Drosophila Genetic
Resource Center, 202239) or iv) UAS-EDTP 14-3 (described in
this study). L3F stage larvae (88 to 93 h) were dissected.

Generation of polyclonal anti-EDTP antibody

Partial EDTP (amino acids 1 to 318) coding sequence was PCR
amplified and cloned into the vector pEV (kindly provided by
Peter Rapali at Eotvos University, Budapest, Hungary) as an
Ndel-Xhol fragment. N-terminally 6xHis-tagged protein was
then expressed in the E. coli Rosetta strain and purified
using Ni-NTA agarose beads (Qiagen, 30230). Recombinant
protein was used to immunize rats in-house, following a stan-
dard protocol that utilizes Freund adjuvants (Sigma, F5881 and
F5506).

Western blotting

With mammalian cells

Western blot samples were obtained by scraping cells from 6-
well plates in 100 pl of hot Laemmli buffer. 25 ul samples were
run on a 12% SDS-PAGE and blotted onto Immobilon P
PVDF membrane (Millipore, ISPN07852). After blocking with
0.5% blocking reagent (Roche, 000007300100119216) in PBS
containing 0.1% Tween 20, filters were probed with specific
antibodies anti-LC3 (rabbit, 1:1000; Cell Signaling Technology,
2775), anti-SQSTM1/p62 (rabbit, 1:1000; Sigma, P0068) and
anti-GAPDH (rabbit, 1:6000; Sigma, G9545). Proteins were
visualized using the ECL system (Luminata Crescendo, Milli-
pore, WBLURO0100). Quantification was carried out using
ImageStudio (LI-COR Biosciences), by referring the intensity
of LC3B-II bands to the corresponding GAPDH intensity. Data
are shown as a percentage of intensity ratios obtained from
DMSO-only treated control cultures and compared using Stu-
dent ¢t test (P < 0.05).

With Drosophila samples

Fat body samples from well-fed L3 stage Drosophila larvae were
dissected. Filters were probed with anti-Ref(P)2/SQSTM1/p62
(rabbit, 1:2500),%® anti-EDTP (rat, 1:1000, described in this
study), anti-rabbit IgG alkaline phosphatase (1:1000, Sigma,
A3687), anti-mouse IgG alkaline phosphatase (1:1000, Sigma,
A8438) and anti-rat IgG alkaline phosphatase (1:1000, Sigma,
A5153), and developed by NBT-BCIP solution (Sigma, 72091).
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Life-span assays

The Drosophila canonical control strain (w'''®) was used. The

autophagy-inducing drug candidate AUTEN-67 was used at 30
uM, and 100 ul solution was dried on normal solid media.
Assays were started with 100 to 100 newly hatched male and
female imago (day 0) placed into 5 glass vials (around 20 ani-
mals per vial). Animals were transferred into new vials (con-
taining fresh media) every 2 d, and the number of dead flies
was counted. Tests were carried out at 25°C, control animals
were treated with the same way expect from adding AUTEN-
67 into the medium. For statistics, the Kaplan-Meier method
(http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1114388/) was
used, calculated with the SPSS program (http://www-03.ibm.
com/software/products/hu/spss-stats-base).**

Fish care

Tg(GFP-Lc3) fish’ stocks were maintained according to stan-
dard protocols,45 in the Animal Facility of E6tvos Lorand Uni-
versity, Budapest. All protocols used in this study were
approved by the Hungarian National Food Chain Safety Office
(Permit Number: XIV-1-001/515-4/2012). Fish embryos were
incubated in the respective small molecular compound (or
DMSO) at the indicated concentrations, between 90% epiboly
and 1 d postfertilization. Embryos were anesthetized using tri-
caine methanesulfonate (Sigma, MS222) and embedded in 4%
methylcellulose (Sigma, M-0387). Fluorescence pictures of live
embryos were taken with a Zeiss AxioZoom stereomicroscope,
using the manufacturer’s software. Fluorescence pictures were
analyzed using the Image] software package (NIH). Fluores-
cence intensities were measured in 50x50 pixel areas on the
body of embryos, over the yolk sac extension.

Primary neuronal cell cultures

Primary cortical neurons were prepared from 15-d-old mouse
embryos.®® Briefly, embryonic cortices were incubated in 0.05%
trypsin solution (Gibco, Life Technologies, R001100) for
15 min at 37°C. After a brief centrifugation step, cells were trit-
urated in NeuroBasal media (Gibco, Life Technologies, 21103-
049) supplemented with B27 (Gibco, Life Technologies,
A24775-01), 0.5 mM Glutamax (Gibco, Life Technologies,
10567014), 40 pg/ml gentamycin and 2.5 pg/ml amphotericin
B (Sigma, Y0000005), and filtered through a sterile polyester
mesh with 42 um pore size (EmTek Ltd, S72210-SS). Cells
were seeded onto poly-D-lysine (PDL; Sigma, P7405) coated 6
or 96 well plates at 10° or 8x10* cells/well densities, respec-
tively. To prevent the division of nonneuronal cells, cultures
were treated with 10 wM cytosine-arabinofuranoside (CAR;
Sigma, C6645) on the 2nd d after plating. Oxidative stress was
induced on the 7th d of cultivation by 50 or 75 uM H,O, for
24 h, diluted directly from 30% H,O, stock solution (Reanal,
12502-0-48-65) kept at 4°C.

Electron microscopy

Adult male BALB/C mice between 18 to 20 g body weight were
injected intraperitoneally (i.p.). Stock solutions of the
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substances were dissolved in DMSO (intraperitoneal) and
diluted to the requested concentration with physiological saline
for the intraperitoneal injection. Treatments lasted for 90 min.
Extermination was carried out by cervical dislocation. The
administered doses for AUTEN-67 (T0501-7132) were 50
pumol/g body weight. Controls got physiological saline/DMSO
solution. For electron microscopy tissue slices from heart, pan-
creas and kidney were fixed in cacodylate buffered 2% glutaral-
dehyde solution. After one d fixation the samples were washed,
postfixed in 1% osmium tetroxide, embedded in Araldite
(Sigma, A3183), and sectioned with a Reichert Ultracut micro-
tome (E6tvos Lorand University, Budapest). The sections were
stained with uranyl acetate and lead citrate, and examined in a
JEM 1011 electron microscope (Eo6tvos Lorand University,
Budapest). Quantification of autophagic activity was achieved
by counting the number of autophagic structures.

Classification of nesting behavior in mice

Nesting can be divided into the following 5 behavioral classes (1
to 5): class 1: animals do not care or only disassemble the paper
handkerchief added; class 2: animals scrunch paper handker-
chief into large (>5 cm) pieces; class 3: animals scrunch paper
handkerchief into medium-sized (>1 to 2 cm) pieces; class 4:
animals scrunch paper handkerchief into small (0.5 to 1 cm)
pieces but do not collect them into a nest shape; class 5: animals
scrunch paper handkerchief into small (0.5 to 1 cm) pieces and
collect them into a nest shape in a nook of the cage. Six-mo-old
female transgenic 1xAPP/PS1 (APPswe/PS1dE9; Jackson Labo-
ratory, Bar Harbor, ME, USA) mice were treated with 200 ul
solution through a stomach blow-pipe on every Monday,
Wednesday and Friday for 96 d of total period. Body weight
measurements occurred on the same days, and started from 2th
wk of treatment. Each animal was examined individually dur-
ing the experiment. Solvent was PEG (Sigma, 181986)-Solutiol
(BASF, 42966)-water=3:1:8.

Nesting was conducted and assessed,’® and modified
slightly. Briefly, mice were individually housed for at least 24 h
in clean plastic cages with approximately 1.5 cm of corn cob
bedding lining the floor. Individual cages were supplied a com-
mercially available unscented paper handkerchief. Sixteen h
later cages were inspected for nest construction. Digital pictures
were taken prior to evaluation for documentation. Paper hand-
kerchief nest construction was scored along a 5 point scale:
1=no biting or tears on the paper, 2=moderate biting and/or
tears on the paper but spread over the cage, 3=moderate biting
with no coherent nest (not grouped into a corner of the cage,
4=the vast majority of paper torn into approximately 1 cm
pieces and grouped into a corner of the cage, 5 = a nestled torn
>90% and a clear nest crater.

Enzyme-linked immunosorbent assay of human amyloid
540 and 42 proteins

Female APP/PS1 (APPswe/PS1dE9) transgenic mice obtained
from Jackson Laboratory (Bar Harbor, ME, USA) were kept
and treated at the Biological Research Center (BRC), HAS. Pro-
cedures for animal experiments were approved by the Animal
Experimentation Committee at BRC. APP/PS1 mice begin to

develop AR plaques by 4 to 6 mo of age and have robust pla-
ques by 12 mo old. AUTEN-67 (19 mg/kg, 3 times a wk) was
administered orally from 6 mo of age for 15 wk. At 9 mo of
age, mice were subjected to behavioral tests, and then were sac-
rificed to obtain brain extract (hemisphere) to assay Af
(AB1—42 and AB1—40) levels. Soluble and insoluble (guani-
dine-extracted) AB1-40 and AB1-42 levels were quantified in
cortical homogenates using commercial colorimetric ELISA
kits (Signal SelectTM Human Af1-40 and 1-42, BioSource
International Inc., Camarillo, CA, USA) as previously
described.”” Levels of A were expressed as ng/hemisphere.

Abbreviations

APP amyloid B (A4) precursor protein

ATG autophagy related

AUTEN autophagy enhancer

Baf bafilomycin A,

CDC25B cell division cycle 25B

CFP cyan fluorescent protein

DMSO dimethyl sulfoxide

EDTP egg-derived tyrosine phosphatase

EGFR epidermal growth factor receptor

EM electron microscopy

GFP green fluorescent protein

H,0, hydrogen peroxide

L3F feeding L3 larval stage

MAPILC3B/LC3B  microtubule-associated protein 1 light chain 3 8

MTMRI14 mytobularin related protein 14

MTOR mechanistic target of rapamycin (serine/threonine
kinase)

PE phosphatidylethanolamine

PIK3C3 phosphatidylinositol 3-kinase, catalytic subunit type 3

PtdIns phosphatidylinositol

PtdIns3K class III phosphatidylinositol 3-kinase

PTPN1 protein tyrosine phosphatase, non-receptor type 1

RFP red fluorescent protein

SQSTM1 sequestosome 1

ULK1 unc-51 like autophagy activating kinase 1

Vps vacuolar protein sorting

WIPI1 WD repeat domain, phosphoinositide interacting 1
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