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Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
ease selectively targeting motor neurons in the brain and spinal
cord. The reasons for differential motor neuron susceptibility
remain elusive. We developed a stem cell-based motor neuron
assay to study cell-autonomous mechanisms causing motor
neuron degeneration, with implications for ALS. A small-mole-
cule screen identified cyclopiazonic acid (CPA) as a stressor to
which stem cell-derived motor neurons were more sensitive
than interneurons. CPA induced endoplasmic reticulum stress
and the unfolded protein response. Furthermore, CPA resulted
in an accelerated degeneration of motor neurons expressing
human superoxide dismutase 1 (hSOD1) carrying the
ALS-causing G93A mutation, compared to motor neurons ex-
pressing wild-type hSOD1. A secondary screen identified
compounds that alleviated CPA-mediated motor neuron
degeneration: three kinase inhibitors and tauroursodeoxy-
cholic acid (TUDCA), a bile acid derivative. The neuroprotec-
tive effects of these compounds were validated in human
stem cell-derived motor neurons carrying a mutated SOD1
allele (hSOD1A4V). Moreover, we found that the administra-
tion of TUDCA in an hSOD1G93Amouse model of ALS reduced
muscle denervation. Jointly, these results provide insights into
the mechanisms contributing to the preferential susceptibility
of ALS motor neurons, and they demonstrate the utility of
stem cell-derived motor neurons for the discovery of new neu-
roprotective compounds.

INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative
disease that preferentially targets motor neurons in the cortex, brain
stem, and spinal cord. Despite the discovery of >40 ALS-related
genes,1,2 the pathological processes leading to motor neuron degener-
ation and the reasons for differential neuronal subtype susceptibility
to broadly expressed mutant proteins remain poorly understood.
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Even though many different cell types are involved in ALS pathogen-
esis,3 cell-autonomous factors are believed to play a critical role dur-
ing the early stages of the disease.4–8

Effective modeling of motor neuron degeneration is hindered by the
limited accessibility of motor neurons in patients and animal models
and by the fact that ALS is a late-onset disorder. The development of
stem cell technologies that facilitate large-scale production of motor
neurons carrying disease-causing mutations has circumvented the
first challenge, and it has enabled biochemical analysis and drug
screening in a relevant cellular context.9–13 However, stem cell-
derived motor neurons are transcriptionally and electrophysiologi-
cally immature, resembling embryonic or early post-natal motor
neurons.14–17 Most importantly, stem cell-derived motor neurons
carrying ALS-causing mutations do not exhibit key hallmarks of
motor neuron disease, such as aggregates of mutant proteins or
p62-immunoreactive inclusions.18–20
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Despite their relatively immature state, several studies have reported
differences in the survival, physiology, and biochemistry of cultured
human and mouse stem cell-derived ALS motor neurons.5,6,19,21–28

It has been suggested that many of these phenotypes result from a
stressful in vitro environment that elicits premature or aberrant man-
ifestations of pathological processes in cultured cells, yet the nature of
these culture-related stressors remains ill defined. Understanding
which specific stressors potentiate disease-relevant motor neuron
pathology would enable the development of more faithful and repro-
ducible models of ALS and, in turn, better tools to understand disease
onset and progression. Ultimately, such models can be used to screen
for neuroprotective drugs.

Here we describe the development of a highly sensitive motor neuron
survival assay and how it was used to screen a library of bioactive
compounds for stressors that accelerate the degeneration of mouse
motor neurons carrying an ALS-causing human superoxide dismut-
ase 1 (hSOD1)G93A transgene.29 The screen identified cyclopiazonic
acid (CPA), an inhibitor of a calcium ATPase expressed in the endo-
plasmic reticulum (sarcoendoplasmic reticulum-associated calcium
ATPase [SERCA]),30 as a compound to which motor neurons are
highly sensitive, particularly those expressing hSOD1G93A.

In accordance with the literature, we demonstrate that CPA induces
endoplasmic reticulum (ER) stress and activates the downstream
cascades referred to as the unfolded protein response (UPR).31 This
cellular stress response is induced by unfolded and/or misfolded pro-
teins in the ER lumen, and it is mediated by three ER sensors: IRE1a
(Ern1), PERK (Eif2ak3), and ATF6. In turn, these sensors activate
separate signaling cascades aiming to alleviate protein misfolding.
Despite the initial adaptive response, prolonged activation of ER
stress leads to the activation of apoptotic pathways and cell death.32

The accumulation of misfolded proteins is a hallmark of many neuro-
degenerative diseases, and it has been described in conjunction with
the activation of ER stress in animal and stem cell-based models of
ALS,19,33–36 as well as in post mortem spinal cord samples from
ALS patients.33,37

Studies in animal models of ALS show that certain motor neuron
populations degenerate early during the course of the disease while
others remain unaffected up until end stage.38,39 Even though the un-
derlying causes for this vulnerability are not fully understood, it was
suggested that protein misfolding and ER stress in vulnerable motor
neurons are early and crucial events that distinguish vulnerable from
more resistant motor neurons.34,40

Based on our observation that CPA was selectively toxic to motor
neurons, we developed an accelerated neurodegeneration assay, and
we used it to screen for compounds that could attenuate the effects
of ER stress. We demonstrate that kenpaullone, a protein kinase
inhibitor that was recently shown to protect motor neurons from a
neurotrophic factor withdrawal and to increase survival of human
ALS motor neurons,13,41 also protects motor neurons from ER stress.
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In addition to kenpaullone, we identified several other protective
compounds, including additional kinase inhibitors and a bile acid de-
rivative, tauroursodeoxycholic acid (TUDCA). In summary, we
developed a novel, scalable, stem cell-based discovery platform that
can be used for the evaluation of existing drugs and for the discovery
of new compounds that protect motor neurons from ER stress-
induced degeneration.
RESULTS
A Screen for Stressors Inducing Preferential Degeneration of

Stem Cell-Derived hSOD1G93A Motor Neurons

To gain insight into the cell-autonomous pathological mechanisms
contributing to the onset of motor neuron degeneration in cells
expressing mutant SOD1 protein, we developed a dual-color motor
neuron survival in vitro assay. This robust, sensitive, and scalable sys-
tem is ideal for the discovery of cell-autonomous motor neuron
phenotypes.

To minimize well-to-well variation and to increase scalability, we
designed an assay in which hSOD1WT and hSOD1G93A motor neu-
rons (referred to hereafter as wild-type [WT] and ALS, respectively)
expressing different fluorescent reporters were mixed in the same well
(Figure 1A). For this purpose, we derived a set of new embryonic stem
cell (ESC) lines by crossing mice carrying hSOD1WT (WT control) or
hSOD1G93A (ALS mutant) transgenes29 with mice expressing EGFP12

or tagRFP under the control of a motor neuron-specific Hb9 (Mnx1)
promoter (Figure S1A). Immunostaining with antibodies against Hb9
and the motor neuron transcription factor Islet1 confirmed that the
new cell lines differentiated into motor neurons with comparable
efficiency (Figures S1B–S1E), and immunoprecipitation confirmed
the presence of misfolded SOD1 protein in mutant motor neurons
(Figures S1F and S1G). RFP-expressing WT motor neurons
were mixed with GFP-expressing ALS motor neurons in equal
proportions, and they were cultured in 96-well plates (Figure 1A)
in the presence of glial cell-derived neurotrophic factor (GDNF; G)
and the cyclic AMP (cAMP)-elevating compounds IBMX (I) and for-
skolin (F).42 Under these basal conditions, we observed a small
decrease (�15%) in ALS motor neuron survival compared to WT
controls (Figure S1H).

To identify stressors that potentiate ALS pathology, plated motor
neurons were treated with a library of 1,275 biologically active small
molecules (Tocris Screen Mini and Custom Collection, Tocris Biosci-
ence). Compounds were added 24 hr after motor neuron plating at a
final concentration of 10 mM using an automated robot-assisted
liquid-handling platform. The ratio of surviving GFP (ALS):RFP
(WT) motor neurons was determined 48 hr later, using whole-well
imaging in conjunction with automated image analysis software (Fig-
ures S1I and S1J). The screen identified several compounds that
preferentially decreased the survival of mutant motor neurons. These
compounds included agonists and antagonists of membrane
receptors, ion pump and channel inhibitors, an anti-mitotic drug,
and general pro-apoptotic agents (Figures 1B and 1C).
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One of the selective stressors identified in the screen was CPA, a
mycotoxin that reversibly blocks SERCA. SERCA is responsible for
sequestering calcium from the cytoplasm into the ER.30 Since calcium
is an essential co-factor for protein-folding chaperones, SERCA
blockade with subsequent depletion of calcium from the ER leads
to the accumulation of misfolded proteins and activation of the
UPR, ER stress, and apoptotic pathways.31 We titrated CPA using
two independent pairs of ALS-WT cell lines (Figures S2A and S2B)
to establish the effective concentration range (6.25–12.5 mM; unless
stated otherwise, all subsequent experiments were performed with
7.5 mMCPA) at which motor neurons show a reproducible cell death
response. We found that ALS motor neurons exhibited reduced sur-
vival compared to WT motor neurons (Figures 1D and 1E).

To further investigate the effects of CPA, we examined whether it acts
directly on motor neurons. We found that motor neurons purified by
fluorescence-activated cell sorting (FACS) (Figures S2C–S2F) were as
sensitive to CPA as motor neurons in mixed cultures, indicating that
CPA acts directly on motor neurons rather than on other cell types
that then produce secondary toxins.5,6,8,43 These findings also suggest
that the other cell types present in mixed cultures do not provide sig-
nificant protection to CPA-treated motor neurons.

Preferential degeneration of motor neurons in the spinal cord, brain
stem, and motor cortex is a hallmark of ALS.44 To determine whether
stem cell-derived motor neurons of spinal identity are more sensitive
to CPA treatment than other spinal neurons, we immunostained sur-
viving cells for pan-neuronal marker Tuj-1. Quantitative analysis of
immunostained cultures revealed that, while the survival of GFP-ex-
pressing ALS motor neurons was reduced by �71%, the survival of
GFP� Tuj-1+ non-motor neurons of the same genotype was reduced
only by �23% (Figures 1F and 1G). The increased sensitivity of ALS
motor neurons to CPA prompted us to ask whether even WT motor
neurons are more sensitive to CPA than other nerve cells.

For this analysis, we generated a new ESC line that expresses
tdTomato in dorsal spinal inhibitory interneurons derived from
Ptf1a-expressing progenitors.45 Following differentiation of this cell
line under conditions that promote the specification of dorsal inter-
neuron identity, tdTomato-expressing interneurons were co-cultured
Figure 1. Results from a Dual-Color Motor Neuron Stressor Screen: Dose-Res

Neuronal Survival

(A) Overview of the experimental design from primary stressor screen to secondary rescu

48 hr of exposure. Dark blue data points denote normalized G93A:WT survival ratio fo

IBMX + vehicle) and yellow data points (positive control, forskolin + IBMX + vehicle)

compounds after secondary screening. (D and E) Dose-response curve (D) for cyclopiaz

motor neurons and normalized G93A:WT survival ratio (E). Results were compiled us

Figures S2A and S2B. Bars denote average, and error bars indicate SEM; *p < 0.05,

comparison). (F and G) Light microscope micrographs (F) showing control and CPA-tr

hSOD1G93A GFP+ motor neurons and Tuj-1+ GFP� neurons was quantified (G) at 48 hr (

non-purified motor neuron-interneuron co-cultures. Survival of GFP+ hSOD1WT motor n

Survival of GFP+ hSOD1WT motor neurons and Ptf1a+ interneurons was quantified at 48

0.01 and ***p < 0.001 (n = 3, unpaired two-tailed Student’s t test).
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with GFP-expressing stem cell-derived motor neurons of spinal iden-
tity (Figures 1H and 1I). Quantification of RFP- versus GFP-positive
neurons revealed that CPA treatment reduced dorsal spinal inter-
neuron survival by only �17%, compared to a �70% decrease in
the survival of co-cultured motor neurons. Together these data
demonstrate that motor neurons expressingWT SOD1 too are signif-
icantly more sensitive to CPA than other spinal neurons of the same
regional identity.

Effects of CPA on Cytosolic Calcium Levels

CPA is a reversible inhibitor of the SERCA pump, which is impor-
tant for sequestration of cytosolic calcium into the ER. Indeed, CPA
treatment resulted in an attenuated clearance of cytosolic calcium
following motor neuron depolarization with kainic acid (Figures
S3A–S3E). Elevated cytosolic calcium may activate multiple in-
tracellular signaling processes, including cell death pathways.46–48

Moreover, calcium dysregulation has been implicated in many
neurodegenerative conditions, including ALS.19,49–57 To determine
whether motor neuron degeneration following CPA treatment is
primarily caused by increased cytosolic calcium, we evaluated a
panel of compounds with known effects on cytosolic calcium
handling and/or signaling. These included BAPTA-am, a cell-
permeable calcium chelator; dantrolene, an inhibitor of the ryano-
dine receptor that releases calcium from ER stores into the cyto-
plasm; three inhibitors of calpains, a family of calcium-dependent
cysteine proteases; and three inhibitors of the calcium-activated
kinase CaMKK/II. Notably, none of these treatments improved
motor neuron degeneration or neurite retraction elicited by CPA
exposure (Figures S4A and S4B). These data suggested that a cyto-
solic calcium overload is unlikely to be the primary cause of CPA-
induced motor neuron death.

StemCell-DerivedMotor Neurons Are Sensitive to the Activation

of ER Stress Pathways

In addition to its effects on cytosolic calcium, CPA treatment has been
shown to decrease calcium levels in the ER, leading to the activation of
ER stress pathways.31,58 These pathways are initiated by the binding
immunoglobulin protein (BiP; HSPA5; GRP-78), an ER-resident
chaperone, which translocates from its binding site on ER mem-
brane-bound stress sensors upon detection of unfolded proteins in
pone Characterization of a Lead Compound and Subtype-Dependent

e screen and subsequent validation models. (B) Results of small molecule screen at

r well exposed to compounds, and light blue (negative control, GDNF + forskolin +

denote G93A:WT survival ratio for the controls. (C) Circles mark confirmed lead

onic acid (CPA), showing survival of Hb9::RFP hSOD1WT and Hb9::GFP hSOD1G93A

ing two independent pairs of WT-G93A cell lines; individual results are shown in

**p < 0.01, and ***p < 0.001 (n = 9, one-way ANOVA, post hoc Dunnett’s multiple

eated motor neuron cultures. Scale bar, 50 mm. Survival of ctrl and CPA-exposed

n = 3). (H and I) Light microscope micrographs (H) showing control and CPA-treated

eurons and Ptf1a+ interneurons was quantified (I) at 48 hr (n = 3). Scale bar, 50 mm.

hr (n = 3 for both analyses). Bars denote average, and error bars indicate SEM; **p <



Figure 2. Characterization of ER Stress Markers in Motor Neuron Cultures Treated with Cyclopiazonic Acid

(A) Histogram showing qPCR results points to genes of particular interest at an earlier time after CPA exposure. RNA was extracted from unpurified hSOD1G93A motor

neurons (n = 3, independent culture dishes). Bars denote average, and error bars indicate SEM. CPA was compared to control for each gene and time point; *p < 0.05, **p <

0.01, and ***p < 0.001 (unpaired two-tailed Student’s t test). (B) Immunoblots showing expression of ER stress-related proteins and their loading controls at different time

points after CPA exposure (asterisks denote lanes originating from the same gel). (C) Histogram and inverted gel image showing XBP1 splicing in vehicle and CPA-treated

hSOD1G93A motor neurons at different time points after CPA exposure (n = 3). Bars denote average ratio s/u, and error bars indicate SEM. Note that no XBP1 splicing was

detected in the vehicle-treated group (ctrl). (D and E) Confocal micrographs (D) and histograms (E) showing phospho-c-jun+ motor neurons in ctrls and CPA-treated motor

neuron cultures (n = 5). Scale bar, 50 mm. Bars denote average, and error bars indicate SEM; **p < 0.01 (one-way ANOVA, post hoc Dunnett’s multiple comparison test).

(F) Confocal micrograph showing phospho-c-jun staining (blue) in co-cultures of ALS motor neurons and dorsal interneurons (Ptf1a+). Empty arrowheads indicate

CPA-treated interneurons negative for phospho-c-jun, and filled arrowheads indicate motor neurons with strong nuclear staining for phospho-c-jun. Scale bar, 50 mm.

(G) Immunoblots showing SOD1 expression and input loading control protein (a-tubulin) in lysates from CPA-treated hSOD1G93A cells. Middle lanes show panSOD1

expression. Lower lanes show immunoprecipitated lysates using antibodies specific for misfolded hSOD1 species (C4F6 clone).
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the ER lumen. Unbound BiP is involved in the activation of three
separate signaling pathways associated with the UPR: the PERK,
ATF-6, and IRE1a pathways.59–62
To assess the activation of these pathways in motor neurons exposed
to CPA, we used RT-PCR to examine the expression levels of 15
stress-associated genes at three time points following CPA treatment
Molecular Therapy Vol. 27 No 1 January 2019 91
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in hSOD1G93A motor neurons (Figure 2A). We observed a rapid in-
crease in the expression of Bip and the key downstream effector
Chop (Ddit3). Bip increased 2-fold after 1 hr of CPA exposure, and
it continued to increase to approximately 5-fold by 8 hr. Chop was
induced 4-fold after 1 hr of CPA treatment, and it reached 16-fold in-
duction after 4 and 8 hr. Other genes with >2-fold induction included
the following: p58IPK (6.5-fold at 8 hr), an ER stress-induced protein
kinase; Growth arrest and DNA damage-inducible protein 45 alpha
(Gadd45a, 5-fold at 4 hr), which has been shown to be upregulated
in the spinal cord of presymptomatic SOD1G93A mice;34 Erdj4, a
Bip cofactor with involvement in ER-associated protein degradation
(ERAD) (5-fold at 4–8 hr); Atf4, a downstream mediator of the
PERK axis of the UPR (3-fold at 8 hr); Calreticulin, an ER-associated
chaperone (3-fold at 8 hr), which was linked to nitric oxide (NO)-
mediated motor neuron degeneration in hSOD1G93A mice;49 and
Nrf2, a PERK substrate (2-fold at 8 hr). Taken together, these expres-
sion changes pointed to strong activation of multiple axes of the UPR
in motor neurons exposed to CPA.

Western blot analysis of protein extracts from control and mutant
motor neurons exposed to CPA for 1, 2, 4, 8, and 24 hr confirmed
the early activation of the PERK pathway: an increase in Eif2a phos-
phorylation was already detectable after only 1 hr of CPA exposure,
followed by the induction of CHOP (Figure 2B; Figures S6A–S6C).
An accumulation of the active cleaved form of ATF-6 was detectable
at 8 hr (Figure 2B). Activation of the IRE1a branch was assessed by
qPCR analysis of X-box-binding protein 1 (XBP1) splicing, which
was already induced by 1 hr of CPA treatment and persisted at 4
and 8 hr of exposure. Splicing of XBP1 was not detected in vehicle-
treated controls (Figure 2C; Figure S6D).We further evaluated activa-
tion of the IRE1a branch by immunocytochemical analysis of c-jun
phosphorylation,63 which peaked after 2 hr of CPA treatment (Fig-
ures 2D and 2E). Notably, reactive c-jun phosphorylation was absent
in Ptf1a-expressing interneurons exposed to CPA (Figure 2F).
Finally, we detected increased levels of cleaved caspase-3 after CPA
exposure, with a peak at 8 hr, indicating an apoptotic mechanism
for cell death.

We considered the possibility that the effects of CPA treatment might
reflect increased levels of the proximal disease trigger: accumulation
of misfolded SOD1 protein in cultured motor neurons.18,33,34,65,66

We treated mutant motor neurons with CPA or vehicle, and we
immunoprecipitated misfolded SOD1 using two different conforma-
tion-specific hSOD1 antibodies. Western blot analysis revealed a
CPA-dependent increase in the accumulation of misfolded SOD1
(Figure 2G; Figure S6E), potentially explaining the accelerated
death-inducing effects of CPA in ALS motor neurons.

Compounds that Protect Motor Neurons from CPA-Induced

Degeneration

The realization that motor neurons are more sensitive to the activa-
tion of ER stress pathways than other spinal neurons prompted us
to set up a candidate molecule screen to identify compounds that in-
crease motor neurons’ resistance to CPA. Such compounds might
92 Molecular Therapy Vol. 27 No 1 January 2019
alleviate neurodegeneration in ALS, as well as other conditions asso-
ciated with protein misfolding and ER stress activation.32 We
screened a panel of >100 compounds that was compiled from in-
house libraries and supplemented with compounds that emerged
from a literature search (Table S1). Compounds in the panel are
known to modulate different branches of the UPR, influence calcium
sequestration, act as neurotrophic factors, and/or promote motor
neuron survival.

hSOD1G93A motor neuron cultures were treated with rescue com-
pounds for 45 min prior to the addition of 7.5 mM CPA. Survival
and neurite growth were assessed after 24 and 48 hr. The screen
yielded several compounds that prevented more than 50% of motor
neuron degeneration in response to CPA (Figure S4A): the c-Jun
N-terminal kinase (JNK) inhibitor SP600125; the tyrosine kinase in-
hibitor sunitinib; and the broad-spectrum kinase inhibitors Ro 31-
8220 mesylate, kenpaullone, GÖ6976, H-7, and K252a.67–69 Com-
pounds that rescued over 50% of neurite growth included the neuro-
trophic factor Cardiotrophin-1; the p38 inhibitors SB293063 and
SB203580; SP600125; the bile acids taurine-conjugated cholic acid
(TCA), taurine-glycine-conjugated cholic acid (TGCA), and
TUDCA; and the kinase inhibitors Ro 31-8220mesylate, GÖ6976, su-
nitinib, kenpaullone, H-7, and K252a (Figure S4B). Overall, GÖ6976,
kenpaullone, K252a, and TUDCA appeared to be the most promising
candidates (Figure 3A), due to their strong survival-promoting effects
at low concentrations (GÖ6976, kenpaullone, K252a) or strong neu-
rite outgrowth-promoting effects (TUDCA).

By testing the ER stress gene panel presented in Figure 2A in cultures
treated with CPA and rescue compounds, we confirmed that two of
the protein kinase inhibitors, GÖ6976 and kenpaullone, attenuated
the cell stress-signaling cascade at different levels (Figures S7A and
S7B).

Furthermore, GÖ6976 and K252a treatments suppressed c-jun phos-
phorylation in CPA-exposed cultures more effectively than kenpaul-
lone (Figures 3B and 3C), indicating that the latter inhibitor acts, at
least in part, on a different target pathway (Figure 3D). TUDCA, an
ambiphilic bile acid component that functions as a chemical chap-
erone, rescued neurite outgrowth (Figure 4A), but it only showed a
moderate effect on motor neuron survival and failed to suppress c-
jun phosphorylation (Figures 3B and 3C; Figure S4A). TUDCA,
which can be expected to act at the protein level, did not result in
any major changes in the expression of ER stress-related genes, as
shown by selected results from an RNA sequence screen (Figure S7C).

Validating Protective Compounds in Human Stem Cell-Derived

Motor Neurons

To adapt the assay to human cells, we generated a new isogenic pair of
ESC lines derived from a human ESC line expressing GFP under the
control of the Hb9motor neuron promoter (HUES3HB9::GFP5). The
ALS-causing A4V mutation was introduced into a single allele of the
human SOD1 gene using zinc-finger nuclease (ZFN)-based genome
engineering to recapitulate human patient genotypes (Figures S5A–
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S5C). The pair of cell lines was differentiated into motor neurons us-
ing previously published protocols;9,70 their relative susceptibility to
ER stress-mediated neurodegeneration was assessed under increasing
concentrations of CPA. While human motor neurons were less sen-
sitive to CPA than mouse motor neurons (Figure S5K), we detected
a significantly increased sensitivity of mutant human SOD1A4Vmotor
neurons exposed to 33 mMCPA (�14% survival) compared to control
neurons (�29% survival) (Figure 3E), thereby recapitulating the ge-
notype-dependent effects of CPA in mouse motor neurons.

Next, we used the assay to test whether compounds protective to
mouse motor neurons would be also able to protect human motor
neurons exposed to 33 mMCPA. Remarkably, all of the top protective
compounds identified in the mouse motor neuron screen were also
effective in protecting human motor neurons against CPA (Fig-
ure 3E). Pretreatment of human motor neurons with kenpaullone
rescued 35% of CPA-induced cell death in WT motor neurons and
26% in SOD1+/A4V motor neurons (Figure 3E), but it had no signifi-
cant effects on neurite growth (Figure S5L). GÖ6976 rescued 35% of
cell death in hSOD1+/+ motor neurons and 30% in SOD1+/A4V motor
neurons (Figure 3E), and it also significantly rescued the decrease in
neurite outgrowth (Figure S5L). K252a was overall the most prom-
ising compound, rescuing 63% of cell death in hSOD1+/+ and 100%
of cell death in hSOD1+/A4V motor neurons (Figures 3E and 3F),
with significant effects on neurite growth for both genotypes (Fig-
ure S5L). Finally, TUDCA reduced cell death moderately in
hSOD1+/+ and hSOD1+/A4V motor neurons by 29% and 15%, respec-
tively, with a small significant effect on neurite growth only in
hSOD1+/A4V motor neurons (Figure 3E; Figure S5L).

TUDCA Treatment Attenuates ALS-Associated Muscle

Denervation In Vivo

TUDCA is a dietary supplement, and its effects on diverse patholog-
ical conditions have been the focus of multiple clinical trials (GEO:
NCT00877604, NCT02218619, NCT00771901, and NCT01829698;
71). TUDCA is generally safe, has very few side effects, and exhibits
good blood-brain barrier penetrance when administered subcutane-
ously or orally.71,72 Denervation of neuromuscular junctions
(NMJs) is one of the earliest phenotypes observed in mouse models
of ALS,73–76 and, in the light of the in vitro results, we reasoned
Figure 3. Characterization of Rescue Compounds, Including Their Effects on c-

Neurons

(A) Dose-reponse curves for the lead compounds from the rescue screen (GÖ6976, n =

cultures; and TUDCA, n = 2 independent cultures). Bars denote average, and error bars

effects of rescue compounds on phospho-c-jun expression in CPA-treated motor neuro

groups were compared to CPA, ***p < 0.001 (one-way ANOVA, post hoc Dunnett’s mu

pathways for CPA and targets for rescue compounds. Blue numbered labels indicate r

show reported signaling pathways, and dashed lines show suggested pathways. Abbre

PKR; and Heme-regulated inhibitor, HRI. Superscript numbers denote supporting refe

et al.69; 5, Sun et al.86; 6, Yang et al.13; 7, Meares et al.79; 8, Uppala et al.93; 9, Özcan et a

of CPA and in the absence or presence of rescue compounds (GO, GÖ6967; Kp, ken

SOD1+/+ and an isogenic genetically modified SOD1+/A4V human ESC (hESC) line (n = 9 f

genotypes). Bars denote average, and error bars indicate SEM; *p < 0.05, **p < 0.01,

whole-well images showing calcein+ motor neurons. Scale bar, 50 mm.
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that TUDCA might promote the maintenance of motor axon termi-
nal integrity and delay the denervation process.

To compare the effectiveness of TUDCA to its analogs, we screened it
in parallel with 10 conjugated bile acids in CPA-treated motor neu-
rons. TGCA matched the moderate effects of TUDCA on motor
neuron survival, and it worked at lower concentrations; however, it
had smaller effects than TUDCA on neurite extension (Figures S4C
and S4D). TCA exhibited similar effects to TUDCA on both motor
neuron survival and neurite extension, but it did not offer any advan-
tages in terms of drug development. Thus, we decided to proceed with
TUDCA for further evaluation in vivo.

To test the ability of TUDCA to preserve motor axons in ALS models
in vivo, we designed a small-scale study in which we evaluated the
denervation of the fast fatigable hind limb muscle tibialis anterior
(TA) in early disease-stage hSOD1G93A ALS mice (Figure 4C). We
have previously determined that TA motor neurons in fast-progress-
ing hSOD1G93A ALS mice undergo a period of presymptomatic
events, including ER stress, beginning at post-natal day (P)30, fol-
lowed by muscle denervation that extends to P50.40 During this
period, the TA muscles display 25%–40% denervation before
becoming substantially atrophied at later time points. To target this
window of early cell stress events,34 we treated hSOD1G93A mice
with subcutaneous TUDCA or vehicle injections every 3 days between
P30 and P50. Mice expressing mouse WT SOD1 were treated only
with TUDCA, and they served as reference for the analysis. At the
end of the experiment, we counted total NMJs by staining for acetyl-
choline receptors in the TAmuscles with Alexa Fluor 555-conjugated
a-bungarotoxin, and we assessed their innervation by staining for
motor axons with antibodies against vesicular acetylcholine trans-
ferase (VAChT) (Figures 4D and 4E). Despite the fact that the mice
received only seven injections over the course of 21 days of treatment,
we observed a moderate, but statistically significant increase in NMJ
innervation in TUDCA-treated hSOD1G93A mice compared to
vehicle-treated animals (Figure 4D).

DISCUSSION
In this study, we used a novel stem cell-based discovery platform to
detect compounds rescuing human and mouse motor neurons from
jun Phosphorylation in Mouse Motor Neurons and Survival in HumanMotor
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a biological stressor, CPA, which mimics important aspects of neuro-
degeneration. To streamline future drug discovery, we used this plat-
form to design a translational pipeline, in which lead compounds
identified through screening can be readily evaluated in both human
cells and via a short-term assay in presymptomatic ALS mice.

Modeling degenerative diseases in cell culture systems opens new op-
portunities to investigate the pathological processes associated with
disease-causing mutations and to screen for novel therapeutic agents.
However, adult-onset degenerative diseases, where causative muta-
tions result in relatively slow but accumulating cellular insults, are
difficult to model in the kinds of short-term culture systems that
are compatible with high-throughput drug screening. We reasoned
that the discovery of stressors that induce and accelerate phenotypic
changes in motor neurons in vitro could provide insights into molec-
ular pathways contributing to motor neuron degeneration and could
lead to the discovery of motor neuron-protective compounds.

ALS-causing mutations are not overtly toxic to spinal motor neurons,
and, accordingly, patients do not show any obvious motor deficits
during the presymptomatic phase of the disease. Even in an aggressive
mouse model of ALS caused by overexpression of mutant hSOD1, no
Mo
motor neuron death is observed until adult-
hood,77 indicating that the effects of ALS muta-
tions are either cumulative or that they are
potentiated by age- and/or environment-related
stressors. To identify stressors that contribute to
the degeneration of motor neurons, we designed
a highly sensitive, intrinsically controlled sur-
vival assay. The co-culture setup allowed us to
focus on the intrinsic properties of motor neu-
rons expressing disease-causing mutant SOD1
protein that may render them more sensitive
to stressors than WT cells. Using this platform, we identified CPA
as a compound that is selectively toxic to motor neurons in general,
with further accentuated effects in cells expressing mutant SOD1.

The role of ER stress in ALS remains controversial. While signs of ER
stress have been detected in both mouse models of the disease34,40,64

as well as in post mortem ALS patient spinal cords, several studies
have suggested that the induction of ER stress pathways might be a
protective response, facilitating the clearance of ALS-causing mutant
proteins.78 Interestingly, instead of improved clearance, we observed
an accumulation of misfolded SOD1 protein following ER stress in-
duction. This finding raises the possibility that, under basal condi-
tions, young motor neurons are capable of effectively clearing mis-
folded SOD1. However, as the burden of misfolded proteins
increases with time, the clearance mechanisms may become over-
whelmed, resulting in less effective removal of mutant SOD1. It is
tempting to speculate that CPA effectively mimics the age-related in-
crease in endogenous protein misfolding at a dramatically accelerated
pace.35

Interestingly, our model recapitulates another poorly understood but
important feature of ALS. We observed that motor neurons were
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considerably more sensitive to ER stress-inducing compounds than
other types of neurons. While we do not know what mechanisms un-
derlie such cell type-specific sensitivity to ER stress, it might explain
the preferential degeneration of spinal motor neurons in familial cases
of ALS, despite broad expression of misfolded proteins in all types of
neurons.

A screen of candidate neuroactive compounds identified several
potent drugs that could reverse the harmful effects of CPA. Two clas-
ses of compounds were of particular interest: kinase inhibitors and
bile acid derivatives. Kinase inhibitors exhibited a remarkable ability
to protect motor neurons from CPA toxicity. One compound, ken-
paullone, was previously shown to protect motor neurons from
neurotrophic deprivation,13 improve survival, reverse electrophysio-
logical deficits in human stem cell-derived motor neurons from a
patient carrying a mutation in the FUS gene,41 and decrease the levels
of the UPR mediator CHOP in neural cells exposed to the ER stressor
tunicamycin.79 In addition to kenpaullone, we identified two
staurosporine analogs, K252a and GÖ6976, that were previously re-
ported to increase neuronal survival in other in vitro models of
neurodegeneration.69,80

By integrating our results with published studies, we propose a model
in which CPA induces a stress response that activates a cascade of
intracellular protein kinase-regulated pathways,81,82 including a pro-
tein kinase C (PKC)-JNK-signaling pathway67,68 (Figure 3D).
GÖ6976 and K252a strongly inhibit PKC, as well as its downstream
target mixed lineage kinase 3 (MLK3).69 Kenpaullone acts primarily
as an inhibitor of HPK1/GCK-like kinase (HGK)13 and cyclin-depen-
dent kinases (CDKs).83,84 Due to the unselective nature of these com-
pounds, additional stress-activated kinase pathways may be involved,
such as p38.85,86 Consequently, we did not discern a consistent
pattern that would point to a common upstream target mechanism.
Our conclusion is that the kinase targets differ between the com-
pounds and act on different branches of the same cell stress-induced
cascade, ultimately converging on the suppression of c-jun phosphor-
ylation (Figure 3D).

Testing these kinase inhibitors in vivo will require further optimiza-
tion of their pharmacokinetic and pharmacodynamics properties.
Kenpaullone is insoluble in aqueous solutions at its most effective
concentrations, effectively preventing its testing in vivo. While
K252a and GÖ6976 are more potent and more soluble than kenpaul-
lone (data not shown), these compounds are broad-spectrum inhibi-
tors, each targeting >100 different kinases, raising the concern of
adverse secondary effects in vivo. Future drug development and
mechanistic target studies will, therefore, require the design of
more selective inhibitors.

The second class of neuroprotective compounds that emerged from
our screen was derivatives of mammalian bile acids, which have
been used extensively in traditional Tibetan and Chinese medicine.
Notably, it shows potentially beneficial results in ALS patients.71

While this class of compounds protected <30% of dying motor neu-
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rons after CPA exposure, it completely restored neurite outgrowth. In
contrast to the kinase inhibitors that are not approved for human use,
TUDCA is a widely available dietary supplement, and its analog
UDCA is a water-soluble FDA-approved drug for treating pruritus
and liver disease. TUDCA has previously been shown to have benefi-
cial effects in mouse models of Huntington’s, Parkinson’s, and Alz-
heimer’s diseases.87–91 TUDCA has also been shown to reduce the
expression of markers of the UPR in amousemodel of type 2 diabetes,
in part by acting as a chaperone for misfolded proteins92,93 (Fig-
ure 3F). We therefore wanted to validate our results in an in vivo
model, and we tested whether treatment with TUDCA was sufficient
to delay muscle denervation in early-stage ALS mice. A brief treat-
ment period showed an encouraging effect on denervation in the
TA muscle, raising the possibility that TUDCA alone or in combina-
tion with other treatments might delay motor disease onset or
progression.

In conclusion, the dual-color motor neuron-screening approach
described herein revealed that stem cell-derived motor neurons are
selectively sensitive to ER stress pathway activation. Our findings
add to the mounting evidence that ER stress contributes to motor
neuron cell death in ALS. The scalable stem cell-based screening sys-
tem identified several compounds that effectively desensitize motor
neurons to ER stress, providing new tool compounds for mapping
pathways involved in motor neuron degeneration and for the devel-
opment of analogs compatible with in vivo testing. This system can
be easily adapted to other neurodegenerative conditions associated
with ER stress activation, such as Parkinson’s disease, Huntington’s
disease, prion disease, or Alzheimer’s disease.32

MATERIALS AND METHODS
Derivation of Mouse Transgenic ESC Lines

Heterozygous Tg(Hlxb9-GFP)1Tmj or Tg(Hlxb9-tagRFP) reporter
mice were crossed with mice expressing a mutated (B6.Cg-
Tg(SOD1*G93A)1Gur/J) or WT form (B6SJL-Tg(SOD1)2Gur/J) of
human SOD1. Blastocysts were collected at embryonic day 3.5. Mouse
ESC lines were derived as previously described.12 New lines were gen-
otyped and sequenced to confirm the presence of both transgenes and
the G93A point mutation.

For interneuron differentiations, mouse ESC lines were derived from
Ptf1a::cremice (kindly provided by Dr. Kaltschmidt) crossed to Rosa-
LSL-tdTomato fluorescent reporter mice.94,95 All animal work was
performed in compliance with Columbia University Institutional An-
imal Care and Use Committee (IACUC) protocols.

Generation of Isogenic Human ESC Lines by Genetic Targeting

To extrapolate results from the mouse assays, we generated an inde-
pendent set of SOD1+/A4V and SOD1+/+ isogenic cell lines by intro-
ducing the A4V mutation into the WT SOD1 locus of the human
ESC line HUES3 Hb9::GFP5 (Figure S5). Using again a two-step
nuclease-mediated gene-targeting strategy,96 we introduced the SO-
D1A4V mutation into the HUES3 Hb9::GFP genetic background
(Figure S5A).
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Mouse and HumanDifferentiation into Spinal Neuronal Lineages

Motor neuron differentiation of transgenic mouse ESCs was per-
formed as previously described.12 Briefly, cells were dissociated on
day 6 of differentiation and plated on a surface coated with poly-orni-
thine (Sigma, 100 mg/mL) and laminin (4 mg/mL). Cells were cultured
in the presence of the cAMP-elevating compounds forskolin (10 mM)
and IBMX (100 mM) in combination with 500 mM GDNF. For the
majority of all experiments, mouse cultures containing motor neu-
rons, interneurons, and glial progenitors were used (referred to as
motor neuron cultures); in a few experiments, motor neurons were
purified by FACS (see the Supplemental Materials and Methods).

For differentiation into dI4 interneurons, Ptf1a-tdTomato ESCs were
dissociated and cultured in suspension as embryoid bodies (EBs) at a
density of 8.0� 105 cells/10-cm culture-treated Petri dish. On day 2 of
differentiation, EBs were collected, spun down, and split 1:4 into new
Petri dishes and supplemented with 1 mM retinoic acid (RA). Media
were exchanged on days 4 and 6 of differentiation. The endpoint of
dI4 interneuron (IN) differentiation was day 8, when EBs were
collected for co-culture studies.

Differentiation of human isogenic HUES3 ESC HB9::GFP reporter
lines into motor neurons was performed as previously described.70

Cells were dissociated on day 16 of differentiation, sorted via FACS,
and plated on poly-ornithine- and laminin-coated surfaces as above.
Serum-free human motor neuron plating media were supplemented
with the antimitotic UFdU and the neurotrophic factors GDNF,
brain-derived neurotrophic factor (BDNF), ciliary neurotrophic fac-
tor (CNTF), and insulin-like growth factor 1 (IGF1) (all at 10 ng/
mL) as described.97

All cell lines used were routinely tested for mycoplasma.
Dual-Color Motor Neuron Co-culture Assay

Dissociated fluorescent Hb9::RFP-hSOD1WT cells were counted by
hemacytometer and mixed with an equal number of Hb9::GFP-
hSOD1G93A motor neurons, such that 500 fluorescent cells of each ge-
notype were plated per well. Cells were plated in coated 96-well plates
in amedium containing FSK and IBMX (low trophic support, positive
control for cell death) or FSK, IBMX, and 250 pg/mLGDNF (medium
trophic support, positive control for survival).
Automated Image Analysis

Whole-well images of live GFP+ cells were acquired using a Plate
RunnerHD system (Trophos). Images were analyzed using Meta-
morph software (Molecular Devices). A healthy cell criterion, i.e.,
neurons with a significant neurite (5� cell body diameter), was
used to distinguish live neurons from GFP+ debris (Figure S1K).
The endogenous Hb9::GFP reporters in the human lines were not
bright enough to be faithfully detected on our automated imaging
platform. Cells were treated immediately prior to imaging with the
live-cell dye calcein-AM (1.33 mM) for 10min, followed by quenching
with a 10% solution of hemoglobin in PBS.
Small Molecule Screen

Approximately 1,300 biologically active compounds from the Tocris
Mini Screen and Custom collection were added to screening plates at
a final concentration of 10 mM in singletons. The final concentration
of DMSO was 0.5%. A survival ratio was calculated by dividing the
number of surviving GFP+ cells by the number of RFP+ cells after
48 hr of exposure to the compounds.
FACS

Cells were sorted based on GFP or RFP expression using a 5-laser
ARIA-IIu ROU Cell Sorter (BD BioSciences) configured with a
100-mm ceramic nozzle and operating at 20 psi.
ER Stress Rescue Screen

Dissociated and plated cells were allowed to recover for 24 hr,
following 45-min incubation with rescue compounds or medium +
0.5% DMSO as control. Compounds were screened in triplicates at
three different concentrations with 5-fold dilution steps; hits were
further evaluated in 6- to 8-point serial dilutions in 3–6 replicates.
Rescue compounds were selected from the initial dual-color screen
or from a literature search focusing on compounds with documented
effects on ER stress in other models. Cells were then exposed to
7.5 mMCPA for mouse cells and 33 mM for human cells or medium +
vehicle 0.5% DMSO, which we referred to as control (ctrl)
throughout.
Immunocytochemistry

Live cultures were pre-fixed with 4% paraformaldehyde (PFA) on ice,
by adding fixative directly to the medium for 2 min, then fixed an
additional 15 min by replacing the well content with 4% PFA and
incubating at 4�C. Fixed cultures were blocked for 1 hr at room tem-
perature with 0.01 M PBS containing 0.3% Triton-X and 20% donkey
serum. Primary antibodies were diluted in blocking solution and
incubated overnight at 4�C, followed by incubation with secondary
antibodies (Alexa donkey 488/555/647) for 60 min at room
temperature.
Biochemistry

Day 6 EBs were lysed in TNG-T lysis buffer65 containing protease
(Complete Mini) and phosphatase (PhoStop) inhibitors for 30 min,
followed by mechanical trituration with a 26G syringe. C4F6 and
B8H10 antibodies (MediMabs) were coupled to protein-GDynabeads
and used for the immunoprecipitation of misfolded hSOD1, as
described.65 A control immunoglobulin G (IgG) antibody was used
a negative control (Figure S1I). A pan-SOD1 antibody (Novus Biolog-
icals) was used for immunoblotting; 5% of the input was used as a
loading control. For western blotting, the following antibodies were
used: Caspase-3 (1:1,000), CHOP (1:500), phospho-Eif2a (1:1,000)
(Cell Signaling Technology), SOD1 and ATF-6 (1:200, Novus Biolog-
icals), and a-tubulin (1:50,000, Abcam). Representative gels are crop-
ped from scanned images of the original films. Cropped parts without
relevance to the present study are indicated by a dashed line in the
figure.
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qPCR

Cultures were treated with vehicle or CPA, and samples were
collected at 1, 4, and 8 hr. In addition, the combinations CPA + ken-
paullone and CPA + GÖ6976 were evaluated at 4 and 8 hr. Samples
were lysed in TRIzol and frozen at �80�C until further processing.
RNA was extracted using the Qiashredder and QIAGEN RNeasy
Mini kits (QIAGEN), according to the manufacturer’s protocol. 1–
2 mg total RNA was used for each reverse transcription reaction,
and reactions were performed using the TaqMan RT kit (Applied Bio-
systems, Grand Island, NY, USA). Primer pairs were designed for
target transcripts using Primer Express 3.0 (Applied Biosystems).
qPCR reactions were performed using the Power SYBR Green PCR
Master Mix (Applied Biosystems). Reactions were run and analyzed
on a ViiA 7 (Life Technologies) qPCR instrument using absolute
quantification settings. Statistics were performed using delta-CT
values, and data were visualized using fold change values.

XBP1 Splicing

PCR was performed in a 50-mL jumpstart Taq (Sigma-Aldrich,
D9307) reaction containing 10 pmol XBP-1-specific primers to detect
splicing (forward: 50-GAATGCCCAAAAGGATATCAGACTC-30,
reverse: 50-GGCCTTGTGGTTGAGAACCAGGAG-30). PCR condi-
tions were as follows: 1 cycle of 94�C for 1 min; 30 cycles of 94�C
for 30 s, 60�C for 30 s, and 72�C for 1 min; and one cycle of 1 min
at 72�C. PCR products were run for 30 min on 2.5% agarose gels con-
taining ethidium bromide. Bands were observed and quantified using
the Syngene G:Box and Genesis software. Band intensity was
measured using the Analyze-Gels application in ImageJ (NIH).

Calcium Imaging

Hb9::RFP WT and ALS motor neurons were dissociated on day 6 of
differentiation, and they were cultured 3 days on glass coverslips. The
coverslips were incubated with 5 mM Fura-2 AM, ratiometric calcium
indicator dye (Life Sciences, USA), for 30 min at room temperature.
Coverslips were then exposed to a 1-s pulse of 100 mM kainic acid
(KA), and one image per second was acquired for 1 min. After a re-
covery period of 2min, the coverslips were then continuously exposed
to 75 mM CPA for 20 min, and one image was acquired every 30 s.
After another 2-min recovery period, a second pulse of KA was
applied, with the same image acquisition as the first application. A
340:380 ratio was calculated for all image series using FIJI (http://
fiji.sc/). Quantification was carried out using Igor Pro version (v.)6
(Wavemetrics, USA). The rate at which the evoked calcium transients
returned to the baseline was calculated from the tau (time constant) of
a single exponential curve fitted to the falling part of the Ca intensity
trace from 80% to 20% of the peak.

In Vivo Administration of TUDCA

P30 mice were divided into three cohorts:1 hSOD1G93A mice (B6.Cg-
Tg(SOD1*G93A)1Gur/J) receiving 0.5 mg/g TUDCA in 0.01 M PBS
subcutaneously;2 WTmice (C57BL/6J) receiving 0.5 mg/g TUDCA in
0.01 M PBS subcutaneously, to evaluate the mutation-specific effects
of NMJ denervation and of the drug; and3 hSOD1G93A mice receiving
0.01 M PBS subcutaneously, as a vehicle control. The drug was
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administered every 3 days from P30 to P51 for a total of 7 injections,
after with animals were euthanized. The TA muscles were dissected
out and processed for staining, following transcardiac perfusion. Pre-
synaptic terminals were stained with an antibody to VAChT (raised
in rabbit, Covance, 1:32,000), and postsynaptic clusters were stained
with a-bungarotoxin conjugated to Alexa Fluor 488 (1:500; Invitro-
gen). NMJs lacking presynaptic staining were considered denervated.
Every third section throughout the whole muscle was analyzed from
one TA per animal (n = 4–6). All animal work was performed in
compliance with Columbia University IACUC protocols.

Statistics

Statistical analyses were performed with GraphPad Prism v.7 or R’
(www.r-project.org). Datasets are expressed as mean value ± SEM
throughout the paper. If normal distribution and equal variance could
be assumed, analysis of significance was performed with an unpaired
two-tailed Student’s t test for pairwise comparison or a one-way
ANOVA with post hoc Dunnett’s multiple comparison test. Other-
wise, analysis was instead performed by Mann-Whitney rank-sum
test or Kruskal-Wallis test with Dunn’s multiple comparison post
hoc test. Statistical significance is indicated by *p < 0.05, **p < 0.01,
and ***p < 0.001.
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Supplemental materials and methods 

 

Automated image analysis 
To assess the number of “healthy” fluorescent cells exhibiting outgrowths >5 times the cell body diameter 
(assessment of overall survival) and to evaluate the mean neurite length per cell (assessment of neurite growth). 
These parameters were used consistently throughout the study. 
 

Small molecule screen 

We consistently observed that the ratio of surviving untreated G93A mutant motor neurons to untreated wild-
type motor neurons was ~0.83; in order to detect compounds acting synergistically to the genotype, all data were 
normalized to this ratio. Compounds resulting in a G93A-to-WT survival ratio of <0.67-fold, corresponding to a 
50% difference in survival, were re-tested in five-point 2-fold dilution series. All hit compounds were evaluated 
visually, and wells with apparent artefacts such as auto-fluorescence and excessive cell clumping were removed. 
Compounds that were generally toxic, i.e., that resulted in lower survival than the controls with low trophic 
support for both genotypes, were rescreened in 1:10 dilution series. After completion of screen data collection, 
images for all hit compounds were individually evaluated in blinded manner. Wells with overall low survival or 
artefacts (e.g. precipitation, auto-fluorescence or significant cell detachment, were excluded for further analysis). 
The remaining compounds were tested in 8-point dose response titrations, in FACS-purified cultures and in an 
independent pair of mutant-wild type cell lines. 

 

Immunohistochemistry 
Cultures were washed three times with 0.01 M PBS containing 0.3% Triton-X, prior to incubation with 
secondary antibodies (Alexa donkey 488/555/647) for 60 min in room temperature. The following primary 
antibodies were used: mouse Hb9 and mouse islet1/2 from Hybridoma Bank (1:100); mouse Human nuclear 
antigen from Millipore (MAB1281, clone 235-1, 1:1000); Tuj-1 from Neuromics or EMD Millipore (1:500); and 
phospho c-jun from Cell Signalling (1:100). Slides were examined in either a Zeiss AxioObserver with a 
Coolsnap HQ2 camera (Photometrics), a Zeiss LSM Meta 510 or a Zeiss LSM 880 Axioobserver Z1 confocal 
microscope. Images were processed and sometimes cropped in Adobe Photoshop (Creative suit 6, Adobe 
Systems) for presentations purpose, changes were applied to the entire image, and in equal proportions to all 
images from the same.  

 
Calcium imaging 

On day three post-dissociation, coverslips were incubated with 5 μM Fura-2 AM, ratiometric calcium indicator 
dye (Life Sciences, USA) for 30 minutes at room temperature. After washing, coverslips were mounted on a 
Nikon Eclipse TE 3500 inverted microscope equipped with a 40× 1.30 NA objective (Nikon, USA), a pco.EDGE 
CMOS camera (pco, Germany), a Lambda LS light source, a Lambda LS-2 filterwheel with 340 nm and 380 nm 
excitation filters (both Sutter, USA). Images were first acquired using bright field and a fluorescent filter to 
identify cells to analyze at later steps. Drug applications were carried out using a custom-built focal application 
system located approximately 100 μm from the field of view. A 5 s baseline for the Fura-2 signal was then 
acquired, followed by a 1 s pulse of 100 μM kainic acid (KA). Epifluorescent images were captured at a rate of 1 
image/sec for 1 min, switching between 340 and 380 nm filters every 500 ms. Cells were allowed to recover for 
2 min, and only coverslips where cells returned to baseline were analyzed further. The coverslips were then 
continuously exposed to 7.5 μM CPA while 1 image/30 sec was acquired for 20 min, followed by a 2 min 
recovery, and finally a second pulse of KA. Following acquisition, the 340/380 ratio of each pair of images was 
calculated on a pixel by pixel basis using FIJI software v. 1.4 (www.fiji.sc). Regions of interest were drawn 
manually using the morphology of the cells from a single 340 image as a template. Quantification was carried 
out using Igor Pro v. 6 (Wavemetrics, USA). The rate at which the evoked calcium transients returned to the 
baseline was calculated from the tau (time constant) of a single exponential curve fitted to the falling part of the 
Ca intensity trace from 80% to 20% of the peak. Only neurons that recovered to 10% of the peak ratio value 
were included in the analysis. 
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qPCR primers 

Xbp1_1_fwd ACA CGC TTG GGA ATG GAC AC 
Xbp1_1_rev CCA TGG GAA GAT GTT CTG GG 
Xbp1_2_fwd GAA TGC CCA AAA GGA TAT CAG ACT C 
Xbp1_2_rev GGC CTT GTG GTT GAG AAC CAG GAG 
p58ipk_fwd TGG ACT TTA CTG CCG CAA GA 
p58ipk_rev CGT CAA GCT TCC CTT GTT TGA 
Gapdh_fwd CAT GGC CTT CCG TGT TCC TA 
Gapdh_rev GCG GCA CGT CAG ATC CA 
Erdj4_fwd CCT TTC ACA AAT TAG CCA TGA AGT AC 
Erdj4_rev TGC TTC AGC ATC AGG GCT TT 
Chop_fwd AGG AGC CAG GGC CAA CA 
Chop_rev TCT GGA GAG CGA GGG CTT T 
Cd59a_fwd GCT GCT TCT GGC TGT GTT CTG 
Cd59a_rev GTT GGA AAC AGT GGT AGC ATG TG 
Bloc1s1_fwd CAG GCC TAC ATG AAC CAG AGA AA 
Bloc1s1_rev GGC AGC CTG GAC CTG TAG AG 
Nfkb2_fwd GTG GGC AAG CAG TGT TCA GA 
Nfkb2_rev TCA TGT CCT TGG GTC CTA CAG A 
Tnfrsf10b_fwd CGT CTC ATG CGG CAG TTG 
Tnfrsf10b_rev TCG GCT TTG ACC ATT TGG A 
Creb3l3_fwd CCA GCT GCC TCT CAC CAA GT 
Creb3l3_rev CCG GAT CTT TCT GCG GAT T 
Noxa_fwd CTG TGG TTC TGG CGC AGA T 
Noxa_rev GGG CTT GGG CTC CTC ATC 
Nrf2_fwd TTC CCG TGA GTC CTG GTC AT 
Nrf2_rev AGC GGC TTG AAT GTT TGT CTT T 
Tap1_fwd TTG GCC CGA GCC TTG A 
Tap1_rev TGG TGG CAT CAT CCA AGA TAA G 
Bip_fwd AGC CAT CCC GTG GCA TAA 
Bip_rev GGA CAG CGG CAC CAT AGG 
Calr_fwd GCC AGA CAC TGG TGG TAC AGT TC 
Calr_rev CGC CCC CAC AGT CGA TAT T 
Gadd45a_fwd GAC GAC GAC CGG GAT GTG 
Gadd45a_rev AGC AGA ACG CAC GGA TGA G 
Atf4_fwd CGA TGC TCT GTT TCG AAT GGA 
Atf4_rev CCA ACG TGG TCA AGA GCT CAT 

 

RNA-sequencing 

RNA was isolated in duplicates from FACS-purified untreated, CPA treated and CPA + TUDCA treated MNS of 
both genotypes (hSOD1WT and hSOD1G93A), as described for RT-qPCR reactions. Poly-A pull-down was then 
used to enrich mRNAs from total RNA samples (1 μg per sample, RIN >8) and libraries were prepared using 
Illumina TruSeq RNA prep kit (San Diego, CA). Libraries were then sequenced using an Illumina HiSeq 2000 
instrument (Columbia Genome Center, Columbia University). Read alignment and gene levels were calculated 
using Cufflinks and Tophat softwares. Raw FastQ sequencing data and processed normalized expression data 
(RPKM) were compared between. All genes associated with ER stress and associated pathways, suggested in the 
current literature, were selected for further analysis. 
 
Generation isogenic human embryonic stem cell lines by genetic targeting 
After corroborating the desired SOD1 gene edit (Fig. S5B-C), we directed the differentiation of SOD +/A4V and 
SOD1+/+ HUES3 Hb9::GFP cells into cultures containing spinal motor neurons. GFP+ motor neurons of both 
genotypes could be isolated using FACS (Fig. S5F), and SOD1 transcript and protein expression in these cells 
was confirmed (Fig. S5D-E). The new lines were further validated by staining for motor neuron transcription 
factor Islet1 (Fig. S5G) and assessment of survival in short and long term cultures (Figure S5H and J). 
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In vivo administration of TUDCA 

Drug was administered every three days from P30 to P51 for a total of 7 injections. At P51, mice were deeply 
anesthetized using ketamine/xylazine and intracardially perfused with ~15 mL room temperature phosphate-
buffered saline (PBS) followed by ~30 mL of 4% PFA. Following dissection, tibialis anterior (TA) muscles were 
washed in PBS overnight, and then processed for cryoprotective embedding. To visualize NMJs, 30 μm 
longitudinal cryosections of the whole TAs were incubated with α-bungarotoxin conjugated to Alexa Fluor 488 
(1:500; Invitrogen) and an antibody to vesicular acetylcholine transporter (VAChT; raised in rabbit, Covance 
1:32,000) to label motor endplates and nerve terminals, respectively. Because a lack of co-localization indicated 
muscle denervation, % NMJ innervation was determined by dividing the total number of areas of overlap 
between VAChT and BTX signals (total number innervated endplates) by the number of areas containing BTX 
signal (total number of endplates). One TA was assessed for each animal (n=4-6), with every third section 
throughout the whole muscle stained and counted such that a minimum of 1000 NMJs were evaluated per 
animal. Images were acquired using a Nikon Eclipse TE-2000-E fluorescence microscope with a 4x or 10x 
objective. All animal work was performed in compliance with Columbia University IACUC protocols. 

 

Statistics 

For cell cultures, a minimum of three independent experiments were generally performed, which was considered 
sufficient based on previous experience with this type of assays where culture conditions and cell lines were kept 
constant. For in vivo experiments, a power analysis based on pilot studies was performed to estimate the number 
of animals required to detect the studied effects. Data sets are expressed as mean value +/- SEM throughout the 
paper. Statistical analyses were performed with Graph Pad Prism (v. 7, GraphPad Software Inc.) or R’ (www.r-
project.org). If normal distribution and equal variance could be assumed, analysis of significance was performed 
with an unpaired two-tailed Student’s t-test for pairwise comparison, or a One-way Anova with post hoc 
Dunnet’s multiple comparison test. Otherwise, analysis was instead performed by Mann-Whitney Rank sum test 
or Kruskal-Wallis test with Dunn’s multiple comparison post hoc test. Statistical significance is indicated by * 
P<0.05, ** P<0.01, *** P<0.001. Unless stated otherwise, each N represents an independent experiment or 
animal. In the few events where only one biological replicate was analyzed, the technical replicates were used to 
generate histograms, as stated in the figure legends when applicable. Statistical analyses were not performed on 
any of these data.  
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Figure legends 

Figure S1. Evaluation of newly derived transgenic ES lines, biochemical analysis of normal- and misfolded 
SOD1 expression in differentiated cells, and survival motor neuron derived from cell-lines expressing 
different fluorescent reporters.  (A) Confocal micrographs showing sections of embryoid bodies from 
Hb9::RFP hSOD1WT and Hb9::GFP hSOD1G93A stained for motor neuron transcription factors Hb9 and Islet1/2. 
Scale bar 100 m. (B) Measurements of the overlap between fluorescent reporter protein (FP) and transcriptions 
factors (TF). Bars denote averages, error bars indicate SEM. (C-E) Light microscopy micrographs (C-D) and 
histogram (E) showing reporter validation in differentiated new ES lines (two lines for each reporter were 
differentiated in two separate rounds, results are presented as mean value/reporter). Scale 50 m. Bars denote 
means and error bars SEM. (F) Cropped images of immunoblots showing expression of total and misfolded 
(C4F6) SOD1 in untreated motor neuron cultures. P100 spinal cords from WT or SOD1G93A mice were used as 
controls. The dashed line indicates were the lower image was cropped. (G) Immunoblot showing the specificity 
for the C4F6 andf B8H10 antibodies for misfolded mutant SOD1. (H) Motor neuron survival in transgenic 
hSOD1 WT and G93A cell lines expressing different fluorescent reporters. Survival was assessed in medium 
(G+F+I) and low (F+I) neurotrophic support in either mixed red-green cultures (red WT #1 + green G93A #1, 
n=6) or separate cultures (green WT #1, green G93A #2, n=3). Bars denote average, error bars indicate SEM, 
**p<0.01 ***p<0.001 (Unpaired two-tailed Student’s t-test). (I) Representative whole-well image of live cells, 
acquired with the Trophos Plate RunnerHD. Scale bar 1 mm. (J) Magnification of (I) and the result of automated 
image analysis using Metamorph software. Scale bar 50 m. (K) ‘Healthy cell criterion’ using presence of a 
significant neurite to distinguish live cells from fluorescent debris.   

 

Figure S2. Evaluation of CPA toxicity in two independent pair of cell lines, in mixed and FACS-sorted 
motor neuron cultures. (A-D) Dose response curves for motor neuron survival after CPA treatment in two 
independent pairs of WT-G93A cell lines (compiled results are shown in Fig. 1D and E). Cultures were either 
unpurified (A-B) or purified using FACS (C-D) (A: n=5, B: n=4, C: n=6 culture wells, D: n=2). Bars denote 
average, error bars indicate SEM, *p<0.05, **p<0.01, ***p<0.001 (One-way Anova, post hoc Dunnet’s multiple 
comparison test). (E-F) Scatter plots showing representative gates for FACS-purification of reporter lines.     

 

Figure S3. Calcium homeostasis in Hb9::RFP hSOD1WT and hSOD1G93A motor neurons exposed to kainic 
acid and CPA. Biochemical analysis of normal- and misfolded SOD1 expression in differentiated cells. (A) 
Kainic acid (KA)-induced change in cytoplasmic Ca++ was assessed by calculating 340/380 nm ratio in Fura-2 
labelled purified hSOD1WT and hSOD1G93A MN cultures. (B) Representative example still images of KA-
induced calcium transients. Scale bar 50 m. Images are pseudocolored using the Lookup table ‘fire’ function in 
FIJI (increase in calcium is shown in warm colors). The slope of decrease in Fura-2 ratio (Tau) was measured in 
cultures exposed to kainic acid (KA) in absence or presence of CPA. (C) CPA-induced change in cytoplasmic 
Ca++ was assessed by calculating 340/380 nm ratio in Fura-2 labelled purified hSOD1WT and hSOD1G93A MN 
cultures. (D) Kainic acid (KA)-induced change in cytoplasmic Ca++ in the presence of CPA was assessed by 
calculating 340/380 nm ratio in Fura-2 labelled purified hSOD1WT and hSOD1G93A MN cultures (n=5 for WT, 
n=4 for G93A, for all analyzes). Bars denote average, error bars indicate SEM. (E) The slope of decrease in 
Fura-2 ratio (Tau) was measured in cultures exposed to kainic acid (KA) in absence or presence of CPA.  

Figure S4. Selected results from the ER stress rescue screen and mini screen for bile acid derivatives. (A-
B) Effects of rescue compounds on survival and neurite growth in CPA treated motor neuron cultures. 
Compounds are subcategorized and color-coded based on their putative mechanisms of action. Bars denote 
average, error bars indicate SEM (n=3-6 culture wells/compound). The cut-off level for further analysis is 
indicated by a grey line. Top compounds were compared to CPA only (n=3-6), *p<0.05, **p<0.01, ***p<0.001 
(unpaired two-tailed Student’s t-test or a Mann-Whitney Rank sum test). (C-D) Mini screen for survival (C) and 
neurite rescue (D) effects of bile acid derivatives. Each compound was screen in three different concentrations 
with 5X dilution steps. Bars denote average, error bars indicate SEM (n=3). 

Figure S5. Generation of human isogenic cell lines to study aspects of ALS pathogenesis in vitro. 

(A) Diagram of gene targeting strategy for introduction of the SOD1A4V mutant allele into the SOD1 locus of 
HUES3 Hb9::GFP. (B) Sequencing of the SOD1 locus. (C) PCR-RFLP analysis for a unique PshAI restriction 
site confirmed correct targeting. (D-E) qRT-PCR (D) and immunoblot (E) assays for SOD1 expression in 
targeted stem cell lines demonstrated reduced levels of the SOD1 transcript and protein levels. (F) FACS plots 
depicting a distinct population of differentiated cells which express the GFP reporter. Differentiated neural cells 
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not exposed to the MN patterning molecules RA and SAG were used as negative control to gate for green 
fluorescence. (G) Hb9::GFP+ cells express the transcription factor Islet1 confirming spinal MN identity. (H-I) 
Cell survival assays in mixed cultures indicate a trend for reduced survival in isogenic human ESC MNs 
expressing the SOD1A4V variant relative to the isogenic control (I). Representative images (H) of Human Nuclei 
and Tuj1 staining at days 3 and 30 (P = 0.09, n= 4). Scale bar 100 m (J) Short term assessment (5 days post 
dissociation) of MN survival and neurite growth in FACS-purified human isogenic lines, assessed by calcein 
labelling in live cultures. (K) Histogram showing a dose response survival curve for CPA toxicity in purified 
human SOD1+/A4V ESC MNs. Bars denote average, error bars indicate SEM (n=3 culture wells/concentration). 
(L) Histogram showing neurite growth in purified isogenic human motor neuron cultures. Cells were grown 
under control conditions, treated with CPA or pretreated with rescue compounds followed by CPA (n=9 for CPA 
vs. CTRL for both genotypes, (n=3 for rescue compounds for both genotypes). Bars denote average, error bars 
indicate SEM, *p<0.05, **p<0.01, ***p<0.001 (the effect of CPA was compared between WT vs. ALS MNs, as 
indicated with a line; the effects of rescue compounds were compared to CPA for each genotype).  

 

Figure S6. Biochemical analysis of UPR mediators and misfolded SOD1. 

(A) Western blot showing protein levels of total (left) and phosphorylated Eif2 (right) in cultures treated with 
CPA. -tubulin served as loading control. Eif2 bands were quantified and normalized to the loading control, as 
displayed in the histograms. (B) Histograms showing quantification of replicate blots for pEif2 (n=3-7) and 
CHOP (n= 2-6), and their loading controls (-tubulin). Bars denote means +/- SEM, *p<0.05 (One-way Anova, 
post hoc Dunnet’s multiple comparison test for pEif2 and a Kruskal-Wallis test with Dunn’s multiple 
comparison post hoc test for CHOP). (C) Western blot showing induction of two UPR markers, pEif2 and 
CHOP, in hSOD1WT and hSOD1G93A motor neuron cultures. -tubulin was used as loading control. Please note 
that hSOD1G93A blot for pEif2 is the same as presented in panel (A). (D) Gel image used for quantification of 
spliced/unspliced XBP1. (E) Biological replicate blots for IP lysate and input two antibodies (C4F6 and B8H10) 
to analyze misfolded SOD1 levels, -tubulin was used as loading control. Experiment #4 shows that the levels of 
total SOD1 is unchanged after exposure to CPA. 

 

Figure S7. Analysis of ER stress-associated genes in cultures treated with CPA and rescue compounds. 

(A) Histograms showing qPCR results for the ER stress panel for genes that were ≥2-fold upregulated by CPA 
and ≥2-fold downregulated in hSOD1G93A motor neuron cultures at 4 and/or 8 hours by at least one of the two 
tested compounds (GO=GÖ6967, Kp=kenpaullone). RNA was extracted from unpurified hSOD1G93A motor 
neurons (n=3, independent culture dishes). Bars denote average, error bars indicate SEM. CPA was compared to 
CPA+rescue compounds for each gene and time point, *p<0.05, **p<0.01, ***p<0.001 (One-way Anova, post 
hoc Dunnet’s multiple comparison test; or Kruskal-Wallis test with Dunn’s multiple comparison post hoc test). 
(B) Table showing pathways for the genes displayed in (A). (C) Selected results from an RNA-sequence analysis 
in purified hSOD1G93A motor neurons cultures at 24 hours after exposure to CPA. The histograms shows all ER 
stress-associated genes that were at least 1.5-fold upregulated by CPA. Bars denote means +/- standard deviation 
(n=2). 
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Supplemental table 1 

CPA RESCUE SCREEN % rescue of CPA 
toxicity 

% rescue of CPA 
toxicity 

  

Compound Cell death Neurite growth Category/pathway 
DCA 20.50911675 33.79013629 Bile acids 
CA 17.11925797 67.46744235 Bile acids 
HDCA 10.18137182 22.25725601 Bile acids 
CDCA 11.22034401 18.22205814 Bile acids 
LCA 9.085736241 22.6248862 Bile acids 
nor-DCA 14.57261804 19.56389175 Bile acids 
HDCA-Me ester 7.110779149 18.92722876 Bile acids 
6-Et-CDCA 9.986162197 38.17796374 Bile acids 
dehydro-CA 12.31894361 53.84822279 Bile acids 
LCA-3-sulfate disodium salt -2.074362332 6.127374543 Bile acids 
ApoCA 1.202390831 -4.777710499 Bile acids 
TDCA 10.95840141 65.83163372 Taruine conjugated bile acids and 

analogues 
TLCA 18.97294284 64.49009632 Taruine conjugated bile acids and 

analogues 
TCA 38.08527479 93.68497917 Taruine conjugated bile acids and 

analogues 
UDCA 18.2051565 47.99114566 Taruine conjugated bile acids and 

analogues 
TCDCA 14.28737331 40.5870975 Taruine conjugated bile acids and 

analogues 
GUDCA 9.970678759 41.87969468 Taruine conjugated bile acids and 

analogues 
TGCA 44.55414037 62.09291442 Taruine conjugated bile acids and 

analogues 
GCDCA 2.568580788 4.418783172 Taruine conjugated bile acids and 

analogues 
GCA 23.53008464 35.87867043 Taruine conjugated bile acids and 

analogues 
TMCA 16.10051109 31.5368093 Taruine conjugated bile acids and 

analogues 
Ectoine 5.031032977 4.253494542 Chemical chaperons 
Butylated hydroxyanisole 1.354844525 -0.941491828 Chemical chaperons 
Ferrostatin-1 2.79356048 -2.344252599 Chemical chaperons 
AL8810 1.258232698 -2.05527542 Chemical chaperons 
PBA -41.56239575 -11.70826719 Chemical chaperons 
AK1 -23.86319535 -30.83271417 PDI inhibitors 
AK2 1.337184819 -3.257907284 PDI inhibitors 
AK3 -13.69763943 -15.12140467 PDI inhibitors 
AK4 -39.65076275 -46.47310177 PDI inhibitors 
AK5 -23.68718212 2.312235213 PDI inhibitors 
AK6 3.063364798 2.312235213 PDI inhibitors 
AK7 -7.303783075 -11.93026762 PDI inhibitors 
AK8 -27.88593481 -36.62835997 PDI inhibitors 
AK9 -0.382896758 -2.05527542 PDI inhibitors 
AK10 0.714780145 -10.31330492 PDI inhibitors 
AK11 1.17828197 -3.620404836 PDI inhibitors 
AK12 -11.97948204 -17.65611204 PDI inhibitors 
AK13 9.871088291 16.26285303 PDI inhibitors 
AK14 0.788806148 1.478837654 PDI inhibitors 
AK15 2.542958577 2.436655716 PDI inhibitors 
H89 -30.09836713 -22.30613359 PKA inhibtor 
Ro 32-0432 69.45362016 81.40427339 PKC pathway 
Go 6976 132.071419 164.4046336 PKC pathway 
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Phorbol-12-Myristate-13-
Acetate (PMA) 

27.1651683 27.55476829 PKC pathway 

SRI22782  -10.20702158 18.68101413 PKC pathway 
H-7 dihydrochloride 65.1027217 86.7200762 PKC pathway 
Staurosporine 20.47359662 14.17999838 PKC pathway 
GF109203X 27.85088299 30.94050956 PKC pathway 
Ro  31-8220 mesylate 69.45362016 81.40427339 PKC pathway 
Calpain inh. I 6.32809798 3.560770737 Calcium signalling 
calpain inh. vi 9.877545437 3.897137092 Calcium signalling 
calpeptin 3.098288729 0.67757198 Calcium signalling 
Dorsomorphin dihydrochloride  6.73967196 27.84365219 Calcium signalling 
KN-93 -4.231510218 -9.039734584 Calcium signalling 
KN-62 3.130314662 -4.057607419 Calcium signalling 
SC 79 -12.66320348 24.67689953 Calcium signalling 
ML-7 -16.018605 -14.00783075 Calcium signalling 
BAPTA-am -22.4076638 -23.85843413 Calcium signalling 
Dantro -7.951848422 -9.099424947 Calcium signalling 
STO-609 20.72023166 14.10316415 Calcium signalling 
SB203580 42.38514236 60.62167911 P38 pathway 
SB293063 39.23672175 88.75752601 P38 pathway 
SB747651A 19.57562965 7.742367164 P38 pathway 
TC ASK 10 -1.618735713 -2.830851895 UPR: IRE1a pathway 
NQDI-1 38.83991819 14.22598976 UPR: IRE1a pathway 
JNK-IN-8 43.27201114 16.24361567 UPR: IRE1a pathway 
SP600125 56.27881783 60.92493308 UPR: IRE1a pathway 
APY29 57.75930514 106.9694934 UPR: IRE1a pathway 
4u8C 9.303566151 -0.004912081 UPR: IRE1a pathway 
STF-083010 9.975897399 3.15447713 UPR: IRE1a pathway 
GSK2606414 21.91490255 0.731015109 UPR: PERK pathway 
SAL -5.720293345 -11.87407306 UPR: PERK pathway 
AEBSF 12.53726409 12.53726409 UPR: ATF-6 pathway 
K-252a 118.4447322 112.0067487 MLK pathway 
Indirubin-3'-monoxime 1.508853123 -0.051027126 GSK3/CDK5 pathway 
Roscovitine 5.759798441 50.80843357 GSK3/CDK5 pathway 
Kenpaullone 110.5319404 155.2520568 GSK3/CDK5 pathway 
CHIR99021 51.87279329 50.56491705 GSK3/CDK5 pathway 
PD184352 -24.33699154 -16.25729121 MEK/ERK pathway 
BRD7386 -0.290118349 -4.395083851 MEK/ERK pathway 
TTX 19.50429801 0.62468452 Neurotransmission 
2-metyl 5-hydroxy tryptamine 0.767196361 3.779436554 Neurotransmission 
Guanabenz acetate salt -5.953047358 -1.698662404 Neurotransmission 
NBQX 1.544616023 5.665939173 Neurotransmission 
DOPA 2.064118232 38.55848623 Neurotransmission 
PMA -5.730983276 25.50379088 Neurotransmission 
Gambogic amide 2.750107789 39.31132329 Neurotransmission 
CT1 47.45118857 62.31697159 Neurotrophic factors 
CNTF 27.2134856 50.77820319 Neurotrophic factors 
BDNF 12.36232474 16.59337082 Neurotrophic factors 
GDNF 28.46762539 43.13787768 Neurotrophic factors 
IGF-1 4.009108083 0.416651788 Neurotrophic factors 
TRIM 13.72176778 53.0837837 NO signaling 
CD253 (TRAIL) Antibody -1.02268982 28.50003468 TNF superfamily & apoptosis 
Caspase-8 inhibitor II 2.170111685 45.44852287 TNF superfamily & apoptosis 
Sorafenib -8.33727539 -5.065283411 Tyrosine kinase inhibitors 
Sunitinib 57.75930514 106.9694934 Tyrosine kinase inhibitors 
Ehop-016 -58.41396916 -44.41603223 Rac pathway 
ZCL 278 3.473221912 13.44168678 Rac pathway 
Fasudil 8.602455737 18.08080674 Rho pathway 
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PF-4708671 -11.45136888 -16.50140601 RSK inhibitor 
SL0101 28.18089475 88.93617474 RSK inhibitor 
PD407 5 25.41529778 NA Chk1 pathway 
NSC632839 3.12881176 10.71355041 Isopeptidase inh. 
Phenazine methosulfate -43.39544535 -18.42018807 Miscellaneous 
Phenethyl isothiocyanate -29.4794646 -5.868143127 Miscellaneous 

 

 

Table S1. A screen for rescue of CPA toxicity 

A list of compounds tested for their ability to reverse CPA-induced MN toxicity and/or neurite retraction. 
Compounds are subdivided based on putative pathways or mechanisms of action. Rescue effects are expressed as 
% reversal of the CPA-effect for survival and neurite growth. for the best time point (24 or 48 hrs post CPA) and 
concentration tested. Values either represent the averages of replicate culture wells. or from independent 
experiments for compounds evaluated in follow-up experiments. 
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