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Non-apoptotic cell death mechanisms are largely uncharacterized despite their importance in
physiology and disease [1]. Here we sought to systematically identify non-apoptotic cell death
pathways in mammalian cells. We screened 69,612 compounds for those that induce non-

canonical cell death by counter screening in the presence of inhibitors of apoptosis and necrosis.
We further selected compounds that require active protein synthesis for inducing cell death.
Using this tiered approach, we identified NID-1 (Novel Inducer of Death-1), a small molecule that
induces an active, energy-dependent cell death in diverse mammalian cell lines. NID-1-induced
death required components of the autophagic machinery, including ATG5, and the lysosomal
hydrolase cathepsin L, but was distinct from classical macroautophagy. Since macroautophagy
can prevent cell death in several contexts, we tested and found that NID-1 suppressed cell death
in a cell-based model of Huntington's disease, suggesting that NID-1 activates a specific pathway.
Thus the discovery of NID-1 identifies a previously unexplored cell death pathway, and
modulating this pathway may have therapeutic applications. Furthermore, these findings provide
a proof-of-principle for using chemical screening to identify novel cell death paradigms.

& 2013 Elsevier Inc. All rights reserved.
Inc. All rights reserved.
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Introduction

Cell death is central to normal development and the maintenance
of tissue homeostasis. Deregulation of cell death is implicated in
several diseases including cancers and neurodegeneration. His-
torically, two cell death phenotypes, apoptosis and necrosis, have
been well studied. However, these programs cannot account for
all cell death mechanisms [2], as extensive developmental cell
death has been observed in mice with defective apoptotic
machinery [3]. Additional forms of cell death, such as necroptosis,
ferroptosis, entosis and autophagy-like cell death have been
described [4–7]. Such non-apoptotic cell death programs likely
mediate distinct physiological and pathological processes. For
example, necroptosis is a form of cell death that occurs when
apoptosis is initiated but its execution is blocked by caspase
inhibition. A suppressor of necroptosis, necrostatin (nec-1), is
protective in a mouse model of ischemic–hypoxic neuronal death,
indicating the biological relevance of this non-apoptotic pathway
[8]. Thus, identifying novel cell death pathways and their reg-
ulatory mechanisms can enhance our understanding of the
repertoire of cell death programs, and may provide new ther-
apeutic targets.
Identification of experimental paradigms for dissecting non-

canonical cell death programs and discovering tools to study
them remains a major challenge. Much of our understanding of
cell death processes comes from genetic screens performed in
Caenorhabditis elegans [9]. While canonical death pathways
unveiled in this model organism are evolutionarily conserved,
additional cell death programs unique to mammalian cells are not
accessible in simpler organisms. Large-scale RNAi screens can
reveal the mechanisms of death in mammalian systems to some
extent, however, several limitations remain: RNAi requires several
days before knockdown is achieved for many proteins, some
proteins with slow turnover are resistant to knockdown, certain
cell types are not easily transfected, and RNAi reagents may
produce off-target effects. Perturbations induced by small mole-
cules complement genetic manipulations because they can be
readily administered, used independently or in combinations, and
the level of inhibition can be regulated by adjusting concentration
[10]. Additionally, one can affect a single domain of a multi-
functional protein or simultaneously inhibit paralogous proteins
with small molecules [11].
Chemical screening thus offers a systematic approach to

identify biological mechanisms and provides versatile tools with
which to study them. We screened more than 69,000 compounds
to identify a small molecule inducer of non-apoptotic cell death
that we designated NID-1 (Novel Inducer of Death-1). We found
that NID-1-induced cell death required new protein synthesis,
was characterized by extensive cytosolic vacuolization, and
involved components of the autophagic machinery, including
ATG5 and the lysosomal protease cathepsin L, yet the death
phenotype observed was distinct from classic macroautophagy.
Furthermore, NID-1 was protective against mutant-huntingtin-
(htt)-induced cell death, a model of polyglutamine neurodegen-
eration, suggesting the activation of a specific pathway. Recent
studies have revealed other non-autophagic cellular processes
involving vacuolization and cell engulfment that also utilize
components of autophagic machinery [12,13]. NID-1 will be a
useful probe to study this ATG-5 and-cathepsin-L-dependent,
Please cite this article as: H. Varma, et al., Identification of a small m
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non-apoptotic cell death pathway in mammalian cells and its
potential role in neuroprotection.
Results

High-throughput screening identifies NID-1, an inducer of
non-apoptotic cell death

We used a human fibroblast cell line (BJeLR) for this screen; this
line is derived from human fibroblasts (BJeH) immortalized by
expressing human telomerase and transformed by oncogenic Ras
and SV40 large T antigen [14]. BJeLR cells are ideal for large-scale
screening because they grow rapidly and have a small number of
characterized genetic alterations, making it less likely that they
contain mutations in regulators of unexplored cell death mechan-
isms that frequently occur in tumor cell lines. We screened 69,612
diverse small molecules in a cell viability assay based on measur-
ing cellular reductive potential (see Materials and methods).
We identified 1980 lethal compounds in a primary screen; these
were further subjected to two criteria: first, we excluded com-
pounds that induced death by canonical mechanisms involving
apoptosis and necrosis by testing the ability of a collection of cell
death inhibitors, including caspase, calpain and serine protease
inhibitors, calcium channel blockers, and antioxidants, to block
the lethality of each compound (Fig. 1A). Next, we selected lethal
compounds that were suppressed by the protein synthesis
inhibitor cycloheximide (CHX), in order to eliminate compounds
that were killing cells via a non-active process or were non-
specifically toxic (e.g. detergents). This tiered screen focused our
analysis on non-canonical cell death inducers that required
ongoing protein synthesis for their lethality. Three compounds
met these criteria; the most potent of these (EC50¼0.5 mg/ml), a
nitrothiophenylpropenamide, was designated Novel Inducer of
Death-1 (NID-1) and chosen for further investigation (Fig. 1A and
B). NID-1’s structure was confirmed by NMR, and mass spectro-
metry (see Materials and methods).

Structure activity relationship for NID-1

In order to identify the functional groups that are critical for
NID-1’s activity, we performed a structure activity relationship
(SAR) analysis for NID-1. Nine commercially available analogs of
NID-1 were tested for their effects on cell viability. This analysis
revealed that while some minor modifications to the phenyl ring
were tolerated, others such as removal of the nitro group on the
thiophene ring resulted in complete loss of activity (SI Fig. 1). The
observation that small changes in the scaffold could lead to
complete loss of activity, suggests that NID-1’s effects are likely
to be mediated by a specific target. We also developed a three-
step synthetic route to NID-1 and confirmed the activity of the re-
synthesized NID-1 (SI Fig. 1). This SAR information and availability
of a synthetic route will aid future studies with NID-1.

NID-1 induces cell death in diverse cell lines

We confirmed NID-1’s lethality by additional cell viability criteria
—trypan blue dye-exclusion to assess membrane integrity, micro-
scopic examination of cellular morphology, and colony formation
assays to test long-term viability. NID-1 induced rapid cell
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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Fig. 1 – NID-1 induces cell death in diverse cell types. (A) Schematic of flow diagram used for identification of NID-1; structure of
NID-1 (right panel). (B) BJeLR cells were treated with NID-1 (10 lg/ml) alone or co-treated with CHX (3 lM); cell viability was
measured by a trypan blue dye-exclusion assay 8 h after treatment. Data represent mean7S.D. of an experiment performed in
duplicate, * (po0.05, left panel). The dose–response for cell death induced by NID-1 in BJeLR and HT-1080 cells was determined
using the Alamar blue viability assay (right panel). (C) Time course of NID-1 (10 lg/ml)-induced cell death in BJeLR cells (left panel).
Phase contrast micrographs of untreated BJeLR cells (middle) and after 8 h NID-1 (10 lg/ml) treatment (right panel). (D) BJeLR cells
were treated with NID-1 and the supernatant (unattached fraction) was removed, and the cell viability for the attached fraction
was determined by trypan blue exclusion. U2OS cells do not show cell detachment upon NID-1 treatment, and cell viability in these
cells was assayed 30 h after NID-1 treatment, * (po0.05). (E) BJeLR or HT-1080 cells were seeded in 6-well plates, allowed to adhere
overnight, and treated with NID-1 (5 μg/ml) for time points indicated. Cells were then trypsinized and re-plated into 0.3% agar-
media mixture. Cells were stained with 0.005% crystal violet after culture for two weeks and the number of colonies per well was
counted (left panel) and imaged (right panel), * (po0.05). Data is representative of two independent experiments. (F) Time course
of cell viability upon NID-1 treatment (10 lg/ml) in the indicated cell lines using trypan blue dye-exclusion assay. The experiments
are representative of at least two independent experiments.
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death: death was initiated 3 h after treatment and most cells were
dead by 10 h. NID-1-treated cells started to round up and lose
adhesion by 4 h after treatment, and cell detachment correlated
with cell death (Fig. 1C). However, NID-1 did not cause anoikis, a
form of caspase-dependent death that is secondary to cell
detachment [15]. We tested whether cell death preceded detach-
ment, by evaluating death in both the attached and detached
(supernatant) fraction after NID-1 treatment. Though cell death
was greater in the detached fraction (74%), a substantial percen-
tage of attached cells (34%) were dead by 8 h, indicating that cell
death can occur prior to detachment (Fig. 1D). Furthermore, in the
U2OS cell line, the cells remained adherent upon NID-1 treat-
ment, yet 50% of attached cells were dead 30 h after treatment
(Fig. 1D). Thus, NID-1-induced cell death is not a consequence of
detachment. Next, we confirmed that NID-1 induces cell death
rather than senescence. In a long-term clonogenic assay,
Please cite this article as: H. Varma, et al., Identification of a small m
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treatment with NID-1 for 3 h followed by washout of the
compound abrogated colony formation in soft agar over the
course of two weeks (Fig. 1E). Finally, we found that NID-1
induced cell death in several non-transformed human cells,
including BJeH cells, and mouse embryo fibroblasts (MEF), as
well as transformed human cell lines (DRD, RKO, H1299), and over
60 cancer cell lines representing diverse tissues of origin (Fig. 1F
and SI Table 1), indicating that NID-1 activates death across
distinct cell and tissue types.

NID-1-induced death is independent of caspases,
Bax and Bak

Since caspases are key regulators of apoptotic cell death, we had
included broad-spectrum pan-caspase inhibitors in the panel of
death inhibitors used to discover NID-1. We verified that NID-1-
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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induced death was not suppressed by a broad-spectrum caspase
inhibitor (BOC-D-Fmk) (Fig. 2A). In contrast, BOC-D-Fmk sup-
pressed cell death caused by staurosporine (STS), a known
inducer of apoptotic cell death. As expected, NID-1-induced death
was not accompanied by cleavage of the effector caspase 3,
whereas STS induced caspase 3 cleavage (Fig. 2A, right panel).
Finally, we tested the role of two pro-apoptotic Bcl-2 family
members, Bax and Bak, which are key regulators of mitochondrial
outer membrane permeabilization, an initial step in the intrinsic
apoptotic cell death pathway [16]. NID-1 was equally lethal in
isogenic MEFs derived from wild type (WT) and Bax/Bak double
knockout (DKO) mice. In contrast, Bax/Bak DKO MEFs were
Fig. 2 – NID-1 induces an active, non-apoptotic cell death. (A) BJeLR
or in combination with BOC (50 lM). Cell viability was assayed afte
assay (left panel), * (po0.05). Western blot of cleaved caspase 3: cell
ml) and harvested after 4 h, and subjected to western blot for cleav
(B) Dose–response for NID-1 and STS in WT MEFs and in isogenic b
assay 48 h after treatment. (C) ATP levels were determined followin
2-DG (5 mM), and compared to DMSO control; * (po0.05) (D) BJeLR
untreated, and then treated with NID-1 (10 lg/ml). Cell viability w
(po0.05, left panel). Data is representative of two independent ex
(5 mM) treated cells after 8 h. Scale bar, 200 lm (right panel). (E) Re
treatment with NID-1 (10 lg/ml), or erastin (10 lM), and compared
pretreated with the various antioxidants (BHT, 150 lM or 2-APT, 10
a positive control. Cell viability was determined using the trypan b
with NID-1 alone or in combination with nec-1 (5 lg/ml) and viab
representative of at least 2 independent experiments.
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resistant to STS induced apoptosis (Fig. 2B). Together, these data
indicate that NID-1 induces a caspase-independent, non-
apoptotic cell death.
NID-1-induced death requires ATP and is distinct from
necrosis

Necrosis is a form of cell death triggered in response to cell
trauma, toxins, and hypoxia. Bio-energetic failure is a hallmark of
necrosis, and cellular ATP levels decrease before necrotic cell
death occurs [17]. NID-1 treatment did not decrease ATP levels,
cells were treated with NID-1 (10 lg/ml) or STS (0.5 lM), alone
r 8 h (NID-1) or 20 h (STS) using the trypan blue dye-exclusion
s were treated with vehicle (DMSO), STS (0.5 lM) or NID-1 (5 lg/
ed caspase 3. Actin was used as a loading control (right panel).
ax−/−, bak−/− DKO MEFs. Viability was measured by Alamar blue
g 2 and 6 h treatments with NID-1 (2 lg/ml), STS (0.1 lM), and
cells were either pretreated with 2-DG (5 mM) for 2 h, or left

as determined using the trypan blue dye-exclusion assay, *
periments. Phase contrast images of NID-1 and NID-1+2-DG
active oxygen species were detected using H2DCFDA after 6 h of
to DMSO-treated control cells. (F) Cells were left untreated or
lM) for 2 h before NID-1 (10 lg/ml) treatment. NaF (5 mM) was
lue dye-exclusion assay, * (po0.05). (G) BJeLR cells were treated
ility was determined by an Alamar Blue assay. Experiments are

olecule that induces ATG5-and-cathepsin-L-dependent cell death
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suggesting that the death was not necrotic (Fig. 2C). We further
tested whether decreasing ATP levels could enhance NID-1-
induced death. Cells were treated with NID-1 in the presence
and absence of a glycolysis inhibitor, 2-deoxyglucose (2-DG), in
order to decrease cellular ATP levels (Fig. 2C). We found that 2-DG
as well as sodium fluoride (NaF), another glycolytic inhibitor, in
fact attenuated NID-1-induced cell death (Fig. 2D and F), suggest-
ing a requirement for ATP in NID-1 induced death.

Necrosis is also associated with increased reactive oxygen
species (ROS) generation. However, NID-1 treatment did not
increase ROS levels, whereas erastin, a previously described
inducer of oxidative cell death in BJeLR cells [18], increased
fluorescence of the ROS sensitive dye 5-(6)-carboxy-2′,7′-dichlor-
odihydrofluorescein diacetate (H2DCFDA) (Fig. 2E). Additionally,
cell death was not suppressed by antioxidants such as butylated
hydroxytoluene (BHT) or 2-acetylphenothiazine (2-APT) but was
suppressed by NaF, a glycolytic inhibitor (Fig. 2F). Antioxidants
were tested at the same concentration demonstrated to protect
against erastin-induced death in the same cell line [18]. Finally,
nec-1 a small molecule inhibitor of programmed necrotic cell
death [4] did not prevent NID-1 induced cell death at concentra-
tions up to 10-fold times EC50 needed to inhibit necroptosis
(Fig. 2G).

NID-1 does not induce DNA damage, and death is
independent of cell proliferation

We tested whether NID-1 induced either nuclear condensation or
DNA damage, prominent features of apoptotic cells. In cells
stained with the nuclear dye Hoechst, the nuclei of NID-1 treated
cells were diffuse and unfragmented, in contrast to cells treated
with STS that undergo apoptosis (SI Fig. 2A). We monitored two
additional indicators of DNA damage: p53 phosphorylation at
serine 15, and nuclear speckling of phospho-H2AX [19]. While the
DNA-damaging agent doxorubicin (Dox) increased p53 phosphor-
ylation and phospho-H2AX nuclear specking, both these para-
meters were unaffected by NID-1 (SI Fig. 2B). Since several
chemotherapeutic agents preferentially kill rapidly dividing cells,
we tested whether NID-1 specifically targeted proliferating cells.
Cells that were arrested in G1/S using hydroxyurea (HU) or
aphidicolin (APH) before NID-1 treatment remained at least as
sensitive to NID-1 as proliferating cells (SI Fig. 2C). Together, these
data indicate that NID-1-induced cell death is executed actively, is
non-necrotic, non-oxidative, and proceeds independently of DNA
damage or cell proliferation.

NID-1-induced death is characterized by extensive
cytosolic vacuolization

NID-1-treated cells showed prominent cytosolic vacuoles by light
microscopy. Vacuolization did not appear to be a general stress
response to lethal stimuli in this cellular system as none of the
other lethal compounds that induce diverse death pathways,
including staurosporine (apoptosis), doxorubicin (DNA damage),
H2O2 (oxidative death), erastin (ferroptosis) among others, shared
this morphology [7]. Time-course analysis using transmission
electron microscopy demonstrated cytosolic vacuoles within 3
to 6 h after NID-1 treatment (Fig. 3A). Multiple vacuoles ranging
from 0.5 to 1.0 μm in diameter were observed at the onset of cell
death. These vacuoles were lined by single membranes and
Please cite this article as: H. Varma, et al., Identification of a small m
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contained cellular debris, in sharp contrast to classic macroauto-
phagy where double-membrane-bound vacuoles are characteris-
tic [20]; the vacuoles in NID-1 treated cells were bound by single
membranes even as early as one hour following NID-1 treatment
when vacuoles begin to appear (Fig. 3A, lower right panel).

NID-1-induced death involves lysosomal hydrolytic
enzymes

Lysosomes are single-membrane-bound organelles containing
hydrolytic enzymes that are active at the low pH within lyso-
somes and are involved in digesting cellular contents [21].
Because of the extensive vacuolization observed upon NID-1
treatment, we tested whether lysosomal activity was required
for death induced by NID-1. Chloroquine (CHQ) is a strong base
that selectively accumulates in lysosomes and inhibits lysosomal
acidification and thus prevents activation of hydrolytic enzymes
[22]. CHQ attenuated NID-1-induced cell death (Fig. 3B), suggest-
ing that lysosomal hydrolytic activity is required for NID-1
induced death.
Lysosomes are implicated in cell death through multiple

mechanisms. One well-documented mechanism of lysosome-
mediated cell death involves aberrant release of lysosomal
enzymes into the cytosol by lysosomal membrane permeabiliza-
tion (LMP) [23]. The pH-sensitive fluorescent dye acridine orange
(AO) localizes to lysosomes and emits a red fluorescent signal in
the highly acidic environment of the lysosome. Upon LMP, AO is
released into the cytosol and emits green fluorescence in the
neutral pH of the cytosol [24]. We found that hydrogen peroxide
(H2O2) a known inducer of LMP [25], decreased lysosomal (red)
and increased diffuse cytosolic (green) fluorescence (Fig. 3C). In
contrast, NID-1-treated cells showed no change in lysosomal
localization of AO. Flow cytometric quantification of fluorescence
in the green channel confirmed that H2O2 increased AO fluores-
cence by 120% (Fig. 3C, right panel). However, fluorescence in
NID-1-treated cells was comparable to DMSO-treated cells. The
results average data for 50,000 cells per treatment and a time
course analysis at 2, 4 and 6 h after treatment did not show LMP
in NID-1 treated cells (representative data shown for 2 h). Since
LMP triggers death via apoptosis or necrosis depending upon the
extent of LMP [26], the lack of LMP upon NID-1 treatment further
supports that the selection criteria identified a compound that
induces death that is neither apoptotic nor necrotic.

NID-1-induced death involves cathepsin L

Since LMP was not involved in NID-1-induced death, yet cell
death was inhibited by CHQ, we tested whether NID-1-induced
death was dependent upon lysosomal activity. First, we tested
whether NID-1 altered the expression of lysosomal enzymes.
Cathepsins comprise a large family of lysosomal proteases, of
which cathepsin L and B are involved in lysosomal degradation
[27]. We observed a specific increase in cathepsin L levels upon
NID-1 treatment, whereas other detectable cathepsins (B, C, and
H) were unchanged (Fig. 4A). [28] The increase in cathepsin L
protein was accompanied by enhanced (25–40%) cathepsin L
enzymatic activity that was suppressed by a cathepsin inhibitor
(Fig. 4B). Additionally, MEFs derived from cathepsin L knockout
mice [29] were resistant to NID-1-induced cell death (Fig. 4C).
Finally, CHX, the protein synthesis inhibitor that suppressed
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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Fig. 3 – NID-1-induced death requires lysosomal activity and is accompanied by cytosolic vacuolization (A) Electron micrographs of
BJeLR cells treated with DMSO or NID-1 (2 lg/ml) for 6 h; scale bar¼2 lm. Inset: higher magnification of vacuoles at 6 h; scale
bar¼500 nm. Lower right panel: EM image of a single-membrane-bound vacuole in a NID-1-treated cell at 1 h after NID-1
treatment; scale bar¼500 nm. (B) Cells were pretreated with vehicle, or indicated concentration of CHQ for 12 h and then treated
with NID-1 (10 lg/ml). Cell viability was determined 8 h post-treatment by the trypan blue dye-exclusion assay. Data represent the
mean7S.D. of an experiment performed in duplicate and is representative of two independent experiments,
*(po0.05). (C) BJeLR cells were treated with DMSO, NID-1 (10 lg/ml) or H2O2 (1 mM) for 4 h and lysosomal accumulation of AO
(red) was determined. Representative fluorescence micrographs are shown (left three panels, scale bar 50 lm). BJeLR cells were
treated with DMSO or NID-1 (10 lg/ml) or H2O2 (0.5 mM) for 2 h and the release of AO into the cytosol was determined using flow
cytometry. The results represent the mean7S.D. of an experiment with 50,000 cells counted per sample (right panel).
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NID-1 induced death also suppressed cathepsin L induction upon
NID-1 treatment (Fig. 4D), suggesting that cathepsin L contributes
to NID-1-induced cell death. We attempted to determine if NID-1
altered cathepsin L localization. However, the cathepsin L immu-
nofluorescence staining was very weak (possibly due to sub-
threshold abundance) preventing determination of Cathepsin L
localization. However, the localization of Cathepsin C, another
lysosomal cathepsin was unaltered by NID-1 treatment (SI
Fig. 3C). Similarly, lysotracker staining of cells did not reveal
major alteration in abundance or localization of lysosomes upon
NID-1 treatment (data not shown). Together with the AO data
(Fig. 3C) these results suggests that NID-1 did not induce LMP or
substantial leakage of cathepsins into cytosol, though more subtle
leakage of cathepsins cannot be excluded.

NID-1 engages the autophagic machinery to activate a
process distinct from autophagy

The vacuoles induced by NID-1 treatment were clearly distinct
from characteristic double-membrane autophagic vacuoles. How-
ever, recent studies have uncovered a role for autophagic
machinery in generating single-membrane-bound vacuoles that
are involved in phagocytosis and entosis [12,13]. Therefore we
assessed whether components of autophagic machinery were
involved in NID-1-induced vacuolization and cell death. We
evaluated the levels of two isoforms (A and B) of microtubule-
Please cite this article as: H. Varma, et al., Identification of a small m
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associated light chain 3 (LC3) protein. A hallmark of autophagy is
the conversion of cytosolic LC3-I to autophagic vacuole-bound
LC3-II; membrane-bound LC3-II has increased electrophoretic
mobility, allowing these two forms to be distinguished by western
blot [30]. This conversion of LC3-I to LC3-II is also observed in
entosis and in particular phagocytic pathways [12,13]. NID-1
treatment increased levels of both LC3A and of LC3B, and the
conversion of both to their autophagic vacuole bound forms (II)
(Fig. 5A). Transcriptional increase in the levels of LC3, is associated
with increased autophagy in several mammalian systems [31,32].
While levels of LC3 were increased, expression of other ATG
proteins remained unchanged (Fig. 5B). The recruitment of LC3
from the cytosol to entotic vacuoles/phagosomes, is also detect-
able by immunofluorescence as increased formation of LC3B
puncta [12,32]. NID-1 treatment increased LC3B puncta formation
by 60% (Fig. 5C). Rapamycin, an inducer of classical macroauto-
phagy, caused an even greater increase in puncta formation.
However, the pattern of LC3B puncta induced by NID-1 was
distinct from that induced by rapamycin: NID-1 induced large
coalescent clusters of LC3B puncta; in contrast, rapamycin treat-
ment resulted in an evenly distributed increase in discrete puncta
(Fig. 5C). Next, we measured the levels of p62 (sequestosome-1)
protein. p62 targets substrates for degradation and is itself
degraded by autophagy [33]. p62 levels rapidly decreased upon
NID-1 treatment (Fig. 5D). p62 exists prominently within cytosolic
puncta, and these puncta are sites of cargo recruitment for
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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degradation and are themselves subsequently degraded [34].
Immunofluorescence revealed that p62 puncta were rapidly
depleted within 3 to 6 h of NID-1 treatment (Fig. 5E). We also
found that CHQ, an inhibitor of lysosomal degradation [35],
attenuated NID-1-induced p62 degradation (Fig. 5F). Since LC3B-
II is also recycled and degraded by lysosomal enzymes, CHQ
causes accumulation of LC3B-II. As expected, CHQ increased LC3B-
II levels, however it could not prevent the further increase in LC3-
I caused by NID-1 (Fig. 5F), suggesting that NID-1 increases
vacuole formation rather than inhibiting the processing of these
vacuoles. Together, these data suggest that NID-1 activates a
cellular degradative process that is distinct from macroautophagy
but involves autophagic–lysosomal machinery.
Please cite this article as: H. Varma, et al., Identification of a small m
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NID-1-induced death is PI3K and ATG5 dependent

The initial step in the formation of single-membrane vacuoles
reported in entosis and phagocytosis is a phosphotidyl inositol
3-kinase (PI3K) dependent step [12]. We found that structurally
diverse inhibitors of PI3K, 3-methyl adenine (3-MA) and
LY294002, that inhibit biogenesis of single-membrane vacuoles
in entosis [12,36], both suppressed NID-1-induced cell death
(Fig. 6A). 3-MA treatment also attenuated the conversion of
LC3-I to LC3-II (Fig. 5A). Furthermore, these inhibitors suppressed
NID-1-induced death in several cell lines (SI Fig. 3). A critical
autophagy gene, ATG5 is involved in the formation of autophago-
somes and of single-membraned vacuoles in entosis [12,37,38]. As
autophagy can act as a pro-survival or death-inducing mechanism
in response to various stimuli, deletion of ATG5 also has differing
effects depending on the nature of cellular insult [39]. While ATG5
loss was not protective against staurosporine or ER stress-induced
death [39], we observed that genetic deletion of ATG5 attenuated
NID-1-induced death in MEFs derived from ATG5 knockout mice
compared to wild-type MEFs (Fig. 6B). We verified that ATG5
knockout MEFs lack ATG5 expression and therefore do not
convert LC3B-I to II (Fig. 6B). indicating the lack of LC3 recruit-
ment to vacuoles. Finally, we found that both protein synthesis
inhibition with CHX, and PI3K inhibition with 3-MA blocked
vacuole formation induced by NID-1 (Fig. 6C), and CHX applied
at the same concentration that was protective against cell death
also prevented the induction of LC3B upon NID-1 treatment
(Fig. 6D). These data indicate that NID-1 activates a cytosolic
vacuolization process distinct from classical autophagy, yet cell
death is dependent, at least in part, on components of autophagic–
lysosomal machinery.

NID-1 is protective in a Huntington's disease model

Modulation of classical and non-canonical autophagic activity has
been shown to be protective in several neurodegenerative disease
models [40]. We tested whether NID-1 may have a protective
Fig. 4 – NID-1 induces Cathepsin L-dependent cell death. (A)
NID-1 (5 lg/ml) treated BJeLR cells were analyzed by western
blotting for the indicated cathepsins. Tubulin was the loading
control. The levels of cathepsin L were quantified, normalized
to tubulin, and indicated below the cathepsin L blot. (B) Cells
were treated with vehicle control, NID-1 (5 lg/ml) alone or
with the cathepsin inhibitor z-FA-Fmk (50 lM) and harvested
after 3 h. Cathepsin L activity was measured by monitoring
cleavage of AFC-conjugated substrate. Data are displayed
relative to control (set as 100%), and show the mean+/- S.D. of
experiments performed in duplicate, * (po0.05), and are
representative of two independent experiments (C) MEFs from
wild type and cathepsin L knockout mice were treated with
NID-1. Cell viability was determined 8 h post-treatment by the
trypan blue dye-exclusion assay. Data represent the mean7S.
D. of an experiment performed in duplicate and are
representative of three independent experiments, * (po0.05).
(D) BJeLR cells were untreated or pretreated with CHX (3 lM)
for 12 h and then with NID-1 (5 lg/ml) and the levels of
indicated proteins were analyzed by western blotting. The
levels of cathepsin L were quantified, normalized to tubulin,
and indicated below the cathepsin L blot.
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Fig. 5 – NID-1 activates autophagic machinery. (A) Cells were untreated or pretreated with 3-MA (10 mM) for 12 h and then with
NID-1 (5 lg/ml) and harvested for western blot analysis, and analyzed for LC3 A and B protein levels. Tubulin was used as a
loading control. (B) NID-1 (5 lg/ml) treated BJeLR cell lysates were subjected to western blotting for several proteins involved in
autophagy. (C) U2OS cells were untreated, or treated with NID-1 (5 lg/ml) or rapamycin (10 nM) for 9 h and then fixed and stained
for LC3B immunofluorescence. The puncta in the images were quantified using Image J software (NIH), n¼10,
*(po0.05, Student's t-test). (D) NID-1 (5 lg/ml)-treated BJeLR cells were analyzed for p62 by western blotting. (E) U2OS cells were
treated with vehicle (DMSO) or NID-1 (10 lg/ml) and the cells were fixed after 6 h treatment. Cells were stained for p62 by
immunofluorescence as described in materials and methods. Representative micrographs are shown. (F) BJeLR cells were
pretreated with CHQ (12 lM) for 10 h, or untreated, and then treated with NID-1. Cell lysates were subjected to western blotting
for indicated proteins.
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effect in one such disease context. Huntington's disease is an
autosomal dominant neurodegenerative disease caused by
mutant huntingtin allele that encodes the huntingtin (htt) protein
with a polyglutamine repeat expansion (436 glutamine). We
used a previously described PC12 cell culture model of Hunting-
ton's disease [41] wherein inducible expression of mutant-htt
containing 103 glutamine repeats (htt-Q103) causes cell death
within 48 h (Fig. 7A). Htt-Q103 is expressed as a fusion protein
with GFP (Green Fluorescenct Protein) to enable monitoring of
protein aggregates in live cells [41]. NID-1 reproducibly rescued
mutant-htt-induced cell death, whereas modulators of several
other pathways including necroptosis (nec-1), ER stress (thapsi-
gargin), and proteasomal degradation (MG132) were ineffective.
We noted that higher concentrations of NID-1 were toxic,
suggesting a window of concentration range for the protective
effect. NID-1 did not alter mutant-htt expression or aggregate
formation, indicating that NID-1 did not simply turn-off expres-
sion or enhance degradation of mutant protein (Fig. 7C and D).
Furthermore, rapamycin was unable to rescue cell death in this
model, indicating that induction of classical macroautophagy was
not involved in NID-1’s rescue (Fig. 7E). However, NID-1 at the
protective concentration (1 mg/ml) induced LC3B and cathepsin L
in PC12 cells (Fig. 7D). Additionally, both 3-MA and CHQ partially
Please cite this article as: H. Varma, et al., Identification of a small m
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inhibited NID-1’s protective effect (Fig. 7F) suggesting that NID-1
affects the same pathway in PC12 cells as in BJeLR cells. We also
observed that the levels of a 25 kD fragment of mutant-htt were
lower in NID-1 treated cells compared to DMSO treated cells
suggesting differential processing of mutant-htt in NID-1 treated
cells (Fig. 7D, right panel). Since mutant-htt is processed to
smaller fragments in vivo by several proteases including caspases
and cathepsins, and these processed fragments are linked to
toxicity, these results suggest that NID-1 modulates a pathway
distinct from classical autophagy that protects against mutant-
htt-toxicity, possibly by altered processing of mutant-htt.
Discussion

Most paradigms for identifying cell death programs have used
genetic screens in eukaryotes such as C. elegans, overlooking
death programs that are unique to mammals. Large-scale RNAi
screens address this challenge to some extent, but have limita-
tions [42,43]. As an alternative, we used a tiered small molecule
screening approach to identify uncharacterized cell death pro-
grams in mammalian cells. Having initially identified 1,980 lethal
compounds in a primary screen of 69,612 compounds, we
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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Fig. 6 – NID-1 induced cell death is PI3K-and-ATG5-dependent. (A) BJeLR cells were pretreated with vehicle, 3-MA or LY294002 for
12 h and then with NID-1 (10 lg/ml). Cell viability was measured by trypan blue dye-exclusion assay 8 h after treatment. Data
represent the mean7S.D. of an experiment performed in duplicate and is representative of three independent experiments,
*(po0.05). (B) MEFs derived from WT and ATG5 knockout mice were treated with NID-1 (5 lg/ml) and cell viability was determined
at indicated times using trypan blue dye-exclusion. The data is representative of 2 independent experiments, * (po0.05). Levels of
ATG5 and LC3B-II conversion in WT and ATG5−/− MEFs were analyzed by western blotting (right panel). (C) BJeLR cells were
untreated, treated with CHX (3 lM) or 3-MA (10 mM) for 12 h and then with NID-1 (5 lg/ml) for 9 h. Light photomicrographs of
cells demonstrating vacuoles (scale bar, 25 lm). (D) BJeLR cells were untreated or pretreated with CHX (3 lM) for 12 h and then
with NID-1 (5 lg/ml) and the levels of indicated proteins were analyzed by western blotting. The levels of LC3B were quantified,
normalized to tubulin, and are indicated below the blot.
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selected compounds that maintained their lethality in the
presence of inhibitors of necrosis and apoptosis, and further
selected those requiring new protein synthesis to induce cell
death. Applying these criteria, we identified NID-1, a potent
inducer of non-canonical cell death in diverse cell types.

Cell death induced by NID-1 was distinct from apoptosis or
necrosis. Though NID-1-induced death shares some features of
autophagy, such as suppression by PI3K inhibitors, ATG5 depen-
dence, degradation of the autophagy substrate p62, and increased
LC3 puncta, NID-1’s effects are clearly distinct from classical
macroautophagy. For example, the cytosolic vacuoles induced upon
NID-1 treatment are bound by single-membranes and appear to be
either empty or contain some cellular debris (Fig. 3A). This is in
contrast to double-membrane-bound vacuoles containing electron
dense organelles reported in macroautophagy [44], as well as in
other specialized forms of autophagy [45–48]. Although NID-1 may
induce rapid formation of single membrane-bound autophagolyso-
somes by the fusion of autophagosomes to lysosomes, we did not
observe double membrane vacuoles even as early as 1 h after NID-
1 treatment when vacuoles were just beginning to form (Fig. 3A,
Please cite this article as: H. Varma, et al., Identification of a small m
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lower right panel). Additionally, NID-1-induced LC3II puncta were
distinct from those induced by an activator of macroautophagy,
rapamycin, (Fig. 5C). Recent studies have demonstrated the invol-
vement of autophagic machinery in the generation of single
membrane-bound vacuoles that are employed in phagocytosis
and entosis, a form of cellular engulfment that results in the
degradation of neighboring cells [12,13]. In these cases, LC3 is
recruited to phagosomes and entotic vacuoles in a PI3K-dependent
and ATG-dependent manner, phagosomes then fuse with lyso-
somes, and vacuolar contents are digested. Such overlap in the use
of cellular machinery is well documented in other cellular pro-
cesses; for example, electron transport and apoptosis both utilize
cytochrome c [49]. Our results suggest that NID-1-induced cell
death employs a similar overlapping use of the autophagic
machinery.
We also found a role for cathepsin L in NID-1 induced cell

death. NID-1 induced cathepsin L protein and enzymatic activity,
and NID-1 induced death was suppressed in MEFs derived from
cathepsin L knock-out mice (Fig. 4A–D). A related question was
the role of LMP and sub-cellular site of cathepsin L action in NID-1
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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Fig. 7 – NID-1 suppresses mutant-huntingtin-induced cell death. (A) PC12 cells were un-induced or induced to express htt-Q103.
Cell viability was determined 48 h after induction of mutant-htt expression using the Alamar blue assay. Data represent the
mean7S.D. of an experiment performed in triplicate, andis representative of three independent experiments. (B) PC12 cells were
induced to express htt-Q103 and treated with a dose-dilution of indicated compounds. Cell viability was determined 48 h later as
in (A). Data represent the mean7S.D. of an experiment performed in triplicate. The rescue by NID-1 was confirmed in three
independent experiments. (C) PC12 cells were un-induced or induced to express mutant-htt-GFP fusion protein and then treated
with NID-1 (1 lg/ml) or DMSO. Htt-Q103 aggregates were visualized using fluorescence microscopy after 15 h of treatment. Scale
bar¼200 lm. (D) PC12 cells expressing mutant-htt-Q103 were incubated with control (DMSO) or NID-1 (1 lg/ml), harvested at the
times indicated, and levels of indicated proteins were analyzed by western blotting. Uninduced (Un) cells were controls for lack of
htt-Q103 expression. (E) PC12 cells were uninduced or induced to express htt-Q103 and treated with a dose–dilution of rapamycin.
Cell viability was determined 30 h later. The results represent the mean7S.D. of an experiment performed in duplicate and is
representative of 2 independent experiments. (F) PC12 cells were untreated or pretreated with 3-MA (5 mM) or CHQ (15 lM) for
15 h. Cells were then treated with NID-1 (1 lg/ml) and htt-Q103 was induced. Cell viability was determined 30 h after induction and
viability of NID-1 treated cells was arbitrarily set as 100% (*, po0.05, student's t-test). The results represent the mean7S.D. of an
experiment performed in duplicate and is representative of 2 independent experiments.
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Fig. 8 – Model of NID-1’s effect on cell death. NID-1 induces
LC3A, LC3B and formation of single-membrane-bound
vacuoles in a protein synthesis, PI3K/ATG5 dependent manner.
These vacuoles are likely sites of degradation of key cellular
substrates whose degradation causes cell death. However in
the context of mutant -htt toxicity, the substrates degraded
may be involved in toxicity and thus their degradation confers
protection.
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induced death. NID-1 did not induce LMP (Fig. 4C). Though we
were unable to detect cathepsin L by immunofluorescence, NID-1
treatment did not alter the cellular localization of cathepsin C, a
related lysosomal cathepsin, (SI Fig. 3C). Together these data
suggest that NID-1 is unlikely to cause major lysosomal leakage,
though we cannot exclude a scenario where cathepsin L slowly
leaks into the cytosol and contributes to cell death by degrading
cytosolic substrates. The site of cathepsin L action and its relevant
substrates in NID-1 induced death remains to be determined.

An interesting result of our study was the protection conferred
by NID-1 in a Huntington's Disease model. Alterations in autop-
hagy are implicated in numerous neurodegenerative diseases, and
modulation of both canonical and non-canonical autophagy path-
ways are being pursued as therapeutic avenues [50]. Our results
suggest that the mechanism of rescue by NID-1 was distinct from
classical autophagysince rapamycin, an inducer of classical autop-
hagy was not protective in htt-Q103 expressing PC12 cells
(Fig. 7E) and NID-1 did not decrease mutant-htt levels. However,
NID-1 treatment increased cathepsin L and decreased the levels of
a 25 kD mutant-htt fragment. Cathepsin L is implicated in
processing mutant-htt and polyglutamine containing protein
fragments within lysosomes [51,52] and increased expression of
cathepsins can suppress mutant-htt toxicity in primary neurons
[53]. Furthermore, cathepsin L and cathepsin B DKO mice show
massive neurodegeneration [54] that is reversed by re-expressing
cathepsin L [55]. Thus altered processing of mutant-htt by
increased cathepsin L is a potential mechanism for the rescue.
Alternatively, other substrates of cathepsin L or lysosomal
enzymes that are involved in mutant-htt toxicity may mediate
the rescue. We observed robust protection against mutant-htt
toxicity by lower concentrations of NID-1 (up to 2 mg/ml), while
higher concentrations were toxic (Fig. 7B), suggesting that modest
activation of the NID-1-induced pathway may be protective. It
would also be interesting to test whether NID-1 is protective in
models of other neurodegenerative disorders, such as Parkinson's
and Alzheimer's disease, where altered autophagy is implicated in
pathogenesis [56].

We propose a model of NID-1-induced death: NID-1 induces
formation of single-membrane-bound vacuoles in a PI3K-
dependent and ATG5-dependent manner. Cellular substrates
essential for survival are recruited by p62 to these vacuoles and
digested by lysosomal proteases such as cathepsin L. Depending
on the cellular context, a loss of these cellular components causes
cell death, or in the case of mutant-htt induced toxicity, survival
(Fig. 8). In support of this model, perturbations such as serum-
deprivation-induced cell death involve transient intralysosomal
cathepsin L activation [57], and prostaglandin J2-induced cell
death that is characterized by a non-autophagic cytosolic vacuo-
lization, but requires the autophagic machinery [58]. Examples of
physiological non-apoptotic cell death involving vacuolization
include developmental linker-cell death in C. elegans [59], and
developmental spinal neuronal death in caspase deficient mice
[3]. Prominent cellular vacuolization and cell death is also
induced by pathogenic organisms such as Helicobacter pylori

[60] and Mycoplasma pneumoniae [61] via specific cytotoxins.
The mechanism(s) of cell death in these processes remain unclear,
but underscore the relevance of alternative cell death paradigms
involving cellular vacuolization to normal physiology and diseases
(reviewed in [62]).
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Conclusions

Non-canonical cell death pathways are important in physiological
and pathological processes but remain poorly understood. Using a
small molecule screening approach, we have identified an inducer of
a non-apoptotic ATG5-Cathepsin L cell death that involves the
autophagic machinery, yet is clearly distinct from autophagy. Modest
activation of this pathway also has a protective role in a model of
polyglutamine toxicity. Further dissection of the cellular pathway
involved in this novel cell death may reveal the link(s) between
autophagic machinery and cell death and its relevance to physiolo-
gical and pathological processes including neurodegeneration.
Materials and methods

High-throughput Cell Viability Screen. Cells were seeded in 384-
well black, clear-bottom plates using the Biomek FX dual arm
with multi-channel-L (Beckman Coulter). The Biomek was also
used to add compound treatments in an arrayed format. Library
compounds are stored as DMSO stocks and diluted 1:75 in media
to create 10X daughter plates. Final treatments were added 1:10
to cells in media for a final concentration of 5 mg per ml on assay
plates. The total assay volume was 40 ml per well. Screening was
performed in triplicate. Alamar Blue (AB) was added after 24 h of
compound treatment. Cells were then incubated for an additional
12 h in the presence of the dye, and fluorescence intensity was
detected by a Victor3 plate reader (Perkin Elmer).
Chemicals and Antibodies. All chemicals were obtained from

Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. Cathe-
psin (Z-FA-fmk) inhibitor (Catalog no. 219421) was from EMD
biosciences. Antibodies were obtained from Cell Signaling Tech-
nology and Santa Cruz Biotechnology except secondary antibo-
dies: IRDye 800CW Goat-anti-Rabbit, IRDye 680CW Goat-anti-
olecule that induces ATG5-and-cathepsin-L-dependent cell death
.doi.org/10.1016/j.yexcr.2013.03.019

dx.doi.org/10.1016/j.yexcr.2013.03.019
dx.doi.org/10.1016/j.yexcr.2013.03.019
dx.doi.org/10.1016/j.yexcr.2013.03.019


E X P E R I M E N T A L C E L L R E S E A R C H ] ( ] ] ] ] ) ] ] ] – ] ] ]12
Mouse (LI-COR); Alexa Fluors 594 goat anti-mouse IgG, Alexa
Fluors 488 goat anti-rabbit IgG (Invitrogen). Primary antibodies
for immunofluorescence: rabbit anti-LC3B (Cell Signaling, cat no.
2775), phospho-H2AX (Cell Signaling, cat no. 9718).
Compound Libraries. Chemical libraries were composed of a

combination of synthetic and natural product-like compounds.
Small molecules were obtained from different providers including
TimTec, IBS, Chembridge, Asinex, and Life chemicals. Also
screened were compounds from the Annotated Compound
Library (ACL) of bioactive compounds selected for their chemical
diversity [63] and the Blood–Brain Barrier (BBB) set of compounds
selected for chemical properties suitable for penetrating the
blood–brain barrier. All compounds were prepared as 4 mg/ml
solutions in DMSO in 384-well polypropylene plates (Greiner, cat.
#781280) and stored at −80 1C.
Chemical characterization of NID-1

The structure of NID-1 was confirmed by 1H-NMR, 13C-NMR
and HRMS:

1H-NMR (400 MHz, MeOD): δ 8.00 (1 H, J¼4.3 Hz, d), 7.77 (1 H,
J¼15 Hz, d), 7.47-s7.45 (1 H, m), 7.40 (1 H, J¼4.2 Hz, d), 7.35–7.23
(3 H, m), 6.98 (1 H, J¼16 Hz, d), 2.70 (2 H, J¼7.6 Hz, q), 1.23 (3 H,
J¼7.6 Hz, t); 13C –NMR (100 MHz, MeOD): δ 164.83, 152.92,
146.70, 139.01, 134.88, 132.68, 129.62, 129.36, 129.01, 126.97,
126.33, 124.93, 24.36, 13.81; High Resolution Mass Spectrum
(m/z): (MH)+ calculated for C15H14N2O3S, 303.0725; found 303.0803.
Trypan Blue dye-exclusion assay. Samples of 1 ml of cells in

culture media were prepared for analysis of cell viability. The
ViCell (Beckman Coulter) performs trypan blue exclusion and
images 100 frames per sample to count the total number of cells
per sample and the percentage of live, trypan blue excluding,
cells. Trypan blue is a viability dye, which is excluded by the intact
membrane of live cells, and stains positive in dying cells whose
membranes have been permeabilized. Error bars represent stan-
dard deviation from mean intensity based on duplicate treat-
ments. For determining cell viability in attached cells, after
treatment, the supernatant was collected and the cells were
washed twice with 2 ml of PBS and also collected to capture all
detached cells. Adherent cells were trypsinized, harvested and
collected separately.
Cathepsin L activity assay. Cathespsin L activity assay kit (Catalog

no. K142-100) was purchased from Biovision Inc. (Mountainview,
CA) and the assay performed based on manufacturer instructions.
Alamar Blue assay. Alamar Blue (Invitrogen) is a non-toxic, cell

viability indicator that contains a cell permeable non-fluorescent
molecule, resazurin, which is converted to the fluorescent mole-
cule resorufin upon reduction by living cells. 50% Alamar Blue
solution was prepared in cell culture media and added 1:4 to
assay plates for a final concentration of 10%. Error bars represent
standard deviation from mean intensity based on treatments
applied in triplicate. Graphs were created using Prism software
and best-fit curves displayed were calculated using a nonlinear
regression of the log(agonist) vs. response with a variable slope.
Soft Agar Colony Formation Assay. BJeLR or HT-1080 cells were

seeded at 1�105 in 6-well plates, allowed to adhere overnight,
and treated with 5 μg/ml NID-1 for time points indicated. Cells
were then washed with fresh media, trypsinized and counted, and
2�104 cells were plated into 2 ml of 0.3% agar-media mixture on
Please cite this article as: H. Varma, et al., Identification of a small m
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top of a 0.6% agar-media layer. Cells were cultured for two weeks,
then stained with 0.005% crystal violet and imaged.

Western Blotting. For western blots, cells were collected, and
washed with cold PBS. Cell lysates were prepared, denatured,
separated by SDS-polyacrylamide gel electrophoresis on 4–20%
gradient Tris–HCl gels (Invitrogen), transferred to a polyvinyli-
dene difluoride membrane, probed with the indicated primary
antibodies overnight at 4 1C, and HRP conjugated secondary
antibodies for 1 h at room temperature. Blots were developed
using ECL (Pierce) and exposed to photographic film. The bands
on scanned films were quantitated using Image J software (NIH).

Immunofluorescence. Cells were seeded at 50,000 cells per well
onto coverslips in 6-well plates. After treatment, cells were fixed
in −20 1C methanol for 7 m on ice and rinsed three times in TBS.
Slips were incubated in primary antibody diluted 1:100 in 1% goat
serum in TBS for 2 h at RT, rinsed for 10 min in TBS, incubated in
secondary antibody diluted 1:400 in 1% goat serum in TBS for 1 h
at RT and rinsed again for 10 m in TBS. Slips were mounted in
Fluoromount containing 2 mg/ml Hoechst and sealed. Samples
were imaged using a 63X objective.

Reactive oxygen species detection. Cells were treated in 6-well
plates. Medium was removed and 5-(6)-carboxy-2′,7′-dichlorodi-
hydrofluorescein diacetate (H2DCFDA, Invitrogen) was added to
cells and incubated at 37 1C for 30 min. The dye is non-fluorescent
until the acetate groups are cleaved away by intracellular
esterases and the molecule is oxidized by reactive oxygen species
in the cell. Plates were imaged to detect fluorescein intensity
using an inverted fluorescent microscope.

Hoechst Staining. Hoechst nucleic acid stain (Invitrogen) was
diluted 1:1500 in PBS for a final concentration of 10 mM and
added to cells on cover slips for 10 min at room temperature. Cells
were washed with PBS to decrease background signal.

Electron Microscopy. Cells were fixed with 2.5% glutaraldehyde
in 0.1 M Sorenson's buffer (PH 7.2) for at least one hour. Cells were
then post-fixed with 1% OsO4 in Sorenson's buffer for 1 h. En bloc
staining was performed using 1% tannic acid. After dehydration,
cells were embedded in a mixture of Lx-112 (Ladd Research
Industries, Inc.) and Embed-812 (EMS, Fort Washington, PA). Thin
sections were cut on the MT-7000 ultramicrotome. The sections
were stained with uranyl acetate and lead citrate to enhance
contrast between various cellular structures and examined under
a JEOL JEM-1200 EXII electron microscope. Pictures were taken on
an ORCA-HR digital camera (Hamamatsu) and recorded with an
AMT Image Capture Engine.

LC3B Puncta Quantification. LC3B puncta per image were quan-
tified with ImageJ Analyze Particles function, lower threshold set
at 80, and higher threshold set at 255. Cells per image were
counted visually in order to determine puncta/cell. At least ten
images were analyzed per condition. Significance was determined
using a two-tailed, two sample equal variance t-test.

Atg5−/− and cathepsin L−/− MEF Viability Analysis. Atg5−/−,
cathepsin L−/− MEFs and their corresponding littermate WT MEFs
that had been immortalized with SV40 large T antigen were
kindly provided by N. Mizushima (Tokyo Medical and Dental
University, Tokyo, Japan) and C. Borner (Albert Ludwigs Univer-
sity, Freiburg, Germany) and have been previously described
[29,38]. Cells were maintained in DMEM with 10% FBS and 5%
CO2 at 37 1C. For viability analysis, cells were seeded at 5�104

cells/well of a 6-well plate and allowed to adhere overnight. Cells
were then treated with 10 μg/ml NID-1 for 8 h, and viability was
olecule that induces ATG5-and-cathepsin-L-dependent cell death
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analyzed by trypan blue exclusion method with quantification
performed by Vi-Cell (Beckman Coulter). Differential interference
contrast (DIC) images at the indicated time points were acquired
using a 20X objective.

PC12 viability assay. PC12 cells that conditionally express a
mutant huntingtin protein containing a 103 polyglutamine expan-
sion fused to enhanced GFP (mHtt-GFP) upon tebufenozide (Teb)
induction were used to test for NID-1 rescue against mutant -htt
toxicity. Teb-induced and uninduced cells were seeded in 384-
well plates and treated with 2-fold dose-response series of the
indicated compounds at the time of induction. Survival following
48 h of induction and compound treatment was measured using
Alamar Blue. Percent survival was determined with respect to
viability of uninduced cells, and Prism software was used to fit
curves.

Lysosomal membrane permeabilization assay. BJeLR cells were
seeded in six well dishes at a density of 200,000 cells/well
and incubated overnight. Cells were incubated in media containing
0.1 mg/ml acridine orange for 15min, washed once with regular
media, followed by incubation with regular media for an additional
15 min. Drug treatments of vehicle (DMSO), NID-1 (10 mg/ml) or H2O2

(500 mM) were performed for 2, 4 or 6 h. After drug treatment, cells
were washed once with 1ml of PBS, trypsinized, harvested and
pelleted (3 min at 1000 rpm). The cell pellet was resuspended in 1ml
of PBS again and re-pelleted. Cells were resuspended in 500 ml of
HBSS and transferred to a micro-centrifuge tube prior to analysis on
an Accuri C6 flow cytometer. Fluorescence in 50,000 cells were
analyzed per condition and time point.

Synthesis of NID-1. Methyl 3-(5-nitrothiophen-2-yl) prop-2-enoate
(2) procedure was modified from [64]. Trimethyl phosphonoacetate
(4.7 mmol) was added to a solution of LiCl (3.7 mmol) in 10ml CH3CN
and allowed to stir for 5 min. Et3N (3.7 mmol) was added and the
solutionwas stirred for 10min, at which point a solution of 5-nitro-2-
thiophene-carboxaldehyde (1, 3.1 mmol) in 5 ml CH3CN was added. A
yellow precipitate formed. The solution was stirred overnight. 20 ml
Et2O and 30ml 2M NH4Cl were added and then separated. The
aqueous phase was extracted 3 times with 20ml Et2O. The combined
organic layers were washed with brine and dried over Na2SO4. TLC
showed two spots in 25% EtOAc in hexanes, one with RF≈0.05
corresponding to the starting aldehyde and the other at RF≈0.15.
Column chromatography (25% EtOAc in hexanes) separated the spots
and gave 1.9 mmol (61%) of the expected product. 1H NMR (400
MHz, CDCl3) δ 7.85 (d, 1H), 7.67 (d, 1H), 7.18 (d, 1H), 6.42 (d, 1H), 3.83
(s, 3H). 3-(5-nitrothiophen-2-yl)prop-2-enoic acid (3). The procedure
was modified from [65]. 2 (0.7 mmol) was dissolved in 6 ml of THF:
H2O (3:1) and the solution was cooled in ice water. LiOH (2.1 mmol)
was added and the solutionwas stirred for 30 min in the ice bath. The
solution turned from yellow to dark red. The ice bath was removed,
allowing the reaction to warm to room temperature, and stirred for
20 h. 1% HCl was added to pH 3. The solution was extracted 3 times
with EtOAc, washed with brine, and dried over NaSO4. The solvent
was evaporated to give 0.64 mmol (92%) of the expected product. 1H
NMR (400MHz, CD3OD) δ 7.95 (d, 1H), 7.72 (d, 1H), 7.39 (d, 1H), 6.50
(d, 1H).
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