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Neurodegenerative diseases affect a rapidly growing number of the aging population
globally. These conditions have proven extremely difficult to treat due to our limited
understanding of their mechanisms, but they are characterized by protein aggregation,
inflammation, lysosomal dysfunction, and neuronal death. Phenotypic drug screens
promise to deliver “target agnostic” therapies without being hypothesis limited as with
target-based screens. Here, we describe our work to develop and characterize small mol-
ecule C381. The compound is a benzyl urea derivative containing a piperidine ring. It
is brain penetrant with a ClogP of 3.3 and an oral bioavailability of 48%. We tested the
compound in Progranulin2/2 mice (a model of lysosomal storage disease and fronto-
temporal dementia) and the chronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) mouse model of Parkinson’s disease (PD) where it showed prominent antiin-
flammatory and neuroprotective effects. In the PD model, C381 restored cognitive
function and rescued dopaminergic neuron loss. To identify the target, we performed a
genome-wide CRISPR interference (CRISPRi) drug target identification screen, which
implicated the lysosome. After validating the screen results with individual knockdown
cell lines, follow-up functional studies revealed that C381 physically targets the lyso-
some, promotes lysosomal acidification, increases breakdown of lysosomal cargo, and
improves lysosome resilience to damage. As a first-in-class compound capable of restor-
ing lysosomal function, C381 has the potential both as a therapeutic and as a research
compound to better understand lysosomal contributions to disease progression.
Together, our work has produced a promising drug candidate for the treatment of neu-
rodegenerative diseases marked by lysosomal dysfunction.
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Neurodegenerative diseases represent a severe and growing problem due to our aging
population. Millions of people suffer from neurodegenerative diseases in the United
States alone. To address this, it is imperative that we work to discover new therapeutic
targets to treat these conditions. Despite researchers’ best efforts, this task has proven
extremely challenging and aside from recent advancements in the treatment of multi-
ple sclerosis and amyotrophic lateral sclerosis, there are still no Food and Drug
Administration approved disease-modifying treatments for any other major neurode-
generative disease (1). Target-based drug discovery has resulted in numerous recent
clinical failures, including beta secretase (BACE) 1 inhibitors (2) and monoclonal
antibodies (3) for Alzheimer’s disease (AD). The shortcomings of this strategy have
led some to suggest a shift toward phenotypic screening for neurodegenerative disease
drug discovery (4, 5). Phenotypic screening has the advantage of being “target
agnostic,” allowing for discovery of drugs with novel targets and mechanisms of
action. This is especially beneficial in the context of neurodegenerative diseases, which
are poorly understood and in dire need of new targets. This is the strategy that we
employed in this study.
Although the underlying causes for the various neurodegenerative diseases are quite

heterogeneous, several common themes emerge from their respective pathologies.
These hallmarks include neuroinflammation, toxic protein aggregate accumulation,
and neuronal dysfunction or death (6–8). These phenomena are connected potentially
through dysfunction of lysosomes—acidic organelles responsible for biomolecule
breakdown, nutrient recycling, and other catabolic processes (9–11). We developed a
phenotypic screen for identifying small molecule therapeutics for neurodegenerative
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diseases by targeting two of these hallmarks: Inflammation and
neurodegeneration, and the resulting molecule was unexpect-
edly discovered to act on the lysosome.
This study began with a phenotypic small molecule screen

using a Smad-based reporter system based on previous studies
showing Smad activation reduced inflammation and neuronal
death in neurodegenerative disease models (Fig. 1A) (12–14).
The resultant compound after structural optimization of the
top hits was C381, which was demonstrated to be both orally
bioavailable and brain penetrant. We then tested C381 in vari-
ous preclinical mouse models of neurodegenerative disease,
where it exhibited potent antiinflammatory and neuroprotective
activity. In order to probe the mechanism, we performed a

genome-wide CRISPR interference (CRISPRi) drug target
identification screen, which surprisingly implicated the lyso-
some. Follow-up functional studies confirmed that C381 tar-
gets the lysosome, where it increases acidification and protein
breakdown and improves lysosomal resilience to injury.

Results

Initial Screening Campaign for Small Molecule Brain Smad
Activators. Utilizing the previously described Smad signaling
reporter (SBE-luc) mice (15, 16) (Fig. 1B), we observed that
brain Smad signaling decreased with age (Fig. 1 C and D). This
finding was consistent with observations in both mice and

Fig. 1. Phenotypic screen for CNS Smad activators yields brain-penetrant compound C381. (A) Graphical summary of work. SAR, structure activity relation-
ship. (B) Reporter construct schematic and example image of transgenic mouse. SBE, Smad binding element; TK, thymidine kinase minimal promoter. (C)
Bioluminescence imaging of SBE-luc mice at different ages, showing CNS Smad signaling decreases with age. (D) Quantification of C (one-way ANOVA *P <
0.05). (E) Structure of C381. (F) Bioluminescence imaging of SBE-luc mice treated i.p. with vehicle or 10 mg/kg C381 at baseline and at 4 h postdose. (G)
Quantification of bioluminescence changes in C381-treated SBE-Luc mice over 72 h at different doses (two-way ANOVA with repeated measures *P < 0.05).
(H) Plasma pharmacokinetics time profile of single-dose administration of C381 to female FVB mice. (I) Brain PK time profile of single-dose administration of
C381 to female FVB mice. (J) Brain-to-plasma ratio time profile of single-dose administration of C381 to female FVB mice.
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humans (17). This result, combined with earlier work showing
the benefits of increasing Smad signaling in the brain (18–20)
and the detriments of inhibition (20–22), served as motivation
for a small molecule screen to discover activators of our central
nervous system (CNS) Smad reporter. We hypothesized that
restoring signaling in this pathway would be therapeutic and
antiinflammatory in neurodegenerative disease conditions. A
diverse 5,000 compound library was screened using a Smad-
binding element (SBE) driven secreted alkaline phosphatase
(SEAP) reporter cell line (23) (SI Appendix, Fig. S1A). The cell
line was derived from fibroblasts isolated from Tgfb1�/� mice
to ensure a TGF-β1–independent mechanism. The three most
active compounds from this screen as determined by SEAP
release, 5E, 11H, and 3A (SI Appendix, Fig. S1B), were selected
for additional testing. Based on activity (SI Appendix, Fig. S1C)
and drug-like characteristics, 11H was chosen as the scaffold
for further development. A total of 129 derivatives of 11H were
synthesized for structure activity relationship (SAR) experiments.
The synthesis effort initially focused on modifications of the cyclo-
hexyl ring, but we quickly discovered that a cyclopentyl ring or a
methyl group on the cyclohexyl ring substantially reduced or elim-
inated activity. An isostere modification by changing the carbam-
ide to a thiocarbamide also caused the loss of most of the activity.
The various 11H derivatives were tested in vivo, and C381 (Fig.
1E) was chosen as our lead compound based on strong in vivo
brain activity, CNS drug-like physicochemical properties, and low
toxicity (SI Appendix, Table S1). In 2- to 3-mo-old SBE-luc
reporter mice, C381 dose dependently induced Smad reporter
activity in the CNS (Fig. 1 F and G). Although this assay did not
reveal the direct target of C381, it did show that C381 possessed
potentially beneficial CNS bioactivity.
We next characterized C381 by assessing the single-dose phar-

macokinetics of the compound in plasma and brain. Female
FVB/NJ mice were given C381 by intravenous (i.v., 10 mg/kg),
intraperitoneal (i.p., 30 mg/kg), and oral gavage (per os [p.o.],
50 mg/kg) dose routes. The compound was formulated in 10%
dimethyl sulfoxide (DMSO):15% Solutol:75% sterile water.
Plasma and brain were collected at various time points up to 4 h
and analyzed by liquid chromatography–mass spectrometry (LC/
MS) for determination of C381 levels (Fig. 1 H and I). Plasma
levels after 10 mg/kg i.v. administration peaked (Cmax) at 1,171
± 415 ng/mL and showed log-linear decay up to 4 h with a short
elimination half-life (t1/2) of 0.57 h. The substantial volume (V)
of distribution (7.669 L/kg) and fast rate of clearance (Cl, 9.262
L/h/kg) suggested C381 distributed well to tissues and was metab-
olized rapidly; however, it was not necessarily removed quickly
from the body. The extravascular routes of administration (i.p.
and p.o.) showed higher Cmax values than i.v. administration due
to higher dose levels and robust absorption. C381 was rapidly
absorbed, especially for the p.o. group, and oral bioavailability (F)
was 48%. The extravascular estimates of V (∼8 to 13 L/kg) and
Cl (∼9 L/h/kg) based on F were similar to those after i.v. adminis-
tration. Brain levels were initially lower than plasma, but did not
decline as rapidly up to 4 h, suggesting C381 in the brain is
cleared more slowly than from plasma. As a result, the brain-to-
plasma concentration ratios increased to >0.5 at time points after
∼0.5 h (i.v.) and ∼1.5 h (p.o. and i.p.) (Fig. 1J). Together, these
data suggest C381 is an orally bioavailable and blood–brain barrier
(BBB)-permeable activator of CNS Smad reporter activity.

Testing C381 in Preclinical Mouse Models of Neurodegenerative
Disease. We next tested whether C381 had any beneficial
effects in neurodegenerative disease models with a well-
described inflammatory component. Frontotemporal dementia

(FTD) is the second most common form of dementia in patients
under 65 y old (24). The pathology of FTD is heterogeneous,
but abnormal inflammation is consistently found in the brains of
FTD patients (25). Mutations resulting in haploinsufficiency of
progranulin (Grn) cause autosomal dominant familial FTD (26).
Grn has been shown to play an important role in the regulation
of lysosomal function (27). These FTD patients have less than
half of the level of Grn in their plasma compared to healthy indi-
viduals or patients with sporadic forms of FTD (28), and their
brains are characterized by neurodegeneration, gliosis, and lysoso-
mal dysfunction (29, 30). Complete loss of Grn in homozygous
mutants causes a form of neuronal ceroid lipofuscinosis (NCL), a
rare lysosomal storage disease. Although these two conditions are
distinct, they share many common features, including lysosomal
dysfunction (30). Consequently, progranulin-deficient (Grn�/�)
mice, while more precisely a model of NCL, are also used as an
animal model of FTD and have been utilized as the basis for cur-
rent FTD treatments in clinical trials (31–33). Histopathologi-
cally, aged Grn�/� mice consistently recapitulate many of the
pathological features of FTD, including robust gliosis and lysoso-
mal dysfunction (31–33). We saw this model as a good first step
in determining whether C381 possessed any antiinflammatory
activity. As expected, 12- to 13-mo-old Grn�/� mice showed
markedly increased microgliosis vs. age-matched wild-type mice
as indicated by CD68 (a lysosomal marker of microglial activa-
tion) and Iba1 immunoreactivity (Fig. 2 A–D). Twice weekly i.p.
C381 treatments for 1 mo resulted in a dose-dependent reduc-
tion in CD68 and Iba1 staining in the Grn�/� mice and no
change in the already low levels of CD68 and Iba1 in the wild-
type mice (Fig. 2 A–D). This result indicated that C381 exerts
antiinflammatory effects on the diseased brain.

We next set out to test C381 in the chronic MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) probenicid model
of Parkinson’s disease (PD). PD is the second most common
neurodegenerative disease, affecting 2 to 3% of the population
over age 65 (34). PD is marked by degeneration of dopaminer-
gic neurons, neuroinflammation, and lysosomal dysfunction
(35). Having demonstrated that C381 was capable of reducing
neuroinflammation and CD68 expression, we thought it may
be a good fit for this model. The chronic MPTP model in par-
ticular recapitulates many of the features of PD and has been
successfully employed in the past for translational PD research
(36, 37). We injected 10 mg/kg C381 i.p. twice weekly using
three different cotreatment paradigms, starting at the begin-
ning, middle, and end of MPTP/probenecid administration
(paradigms a–c in Fig. 2E). One month after the last MPTP
and probenecid administration, histopathological analysis revealed
that in the mice treated with C381, there were more dopaminer-
gic neurons remaining in the substantia nigra pars compacta
(SNpc) compared with phosphate buffered saline (PBS)-injected
controls (except paradigm c, Fig. 2 F and G). Remarkably, the
protection of dopaminergic neurons by C381 demonstrated that
the C381-treated MPTP mice in paradigm a were indistinguish-
able from the sham control mice. Immunostaining revealed a
reduction in CD68 expression in all C381-treated groups, indi-
cating reduced neuroinflammation (Fig. 2H). Mice were also
tested for cognitive function with contextual fear conditioning.
The mice treated with C381 (all groups) performed significantly
better than the vehicle-treated mice, showing improved freezing
behavior in the contextual test than the vehicle group (Fig. 2I).
To further study the long-term effects of C381, we started C381
injections 3 d after the final MPTP/probenecid administration
and continued them until the study endpoint (treatment para-
digm d, Fig. 2E). Three months after the last MPTP/probenecid

PNAS 2022 Vol. 119 No. 11 e2121609119 https://doi.org/10.1073/pnas.2121609119 3 of 12

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121609119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121609119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121609119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121609119/-/DCSupplemental


administration, the mice were tested for motor function with the
rotarod test and cognitive function with contextual fear condi-
tioning. The mice treated with C381 performed significantly bet-
ter than the vehicle-treated mice in both tests, showing increased
time on the rotarod and improved freezing behavior in the

contextual test vs. the vehicle group (Fig. 2 J and K). Addition-
ally, microgliosis assessed by both CD68 and Iba1 immunoreac-
tivity was reduced in the C381-treated mice (Fig. 2 L and M),
indicating lower levels of neuroinflammation. Collectively, these
preclinical studies showed that C381 possesses neuroprotective
and antiinflammatory activity in two separate neurodegenerative
disease models in vivo.

C381 Target Identification. To determine the biological target
of C381, we utilized a genome-wide CRISPRi drug target iden-
tification “sensitivity” screen (Fig. 3A)—a strategy with a track
record of success (38–41). For a sensitivity screen, CRISPRi
cells are exposed to toxic levels of a compound of interest. At
these high concentrations, the compound will cause cell death,
at least in part via overstimulation of its target pathway. In this
way, knocking down genes of proteins targeted by the com-
pound will confer either protection or sensitivity, and will be
differentially represented in the treated vs. untreated condi-
tions. K562 cells expressing a dCas9-KRAB fusion CRISPRi
construct (42) were infected with a lentiviral sgRNA library tar-
geting every gene in the human genome with 10 unique
sgRNAs per gene along with ∼10,000 negative control sgRNAs
(Fig. 3A), as described previously (43). Cells were maintained
at greater than 1,000× coverage of the gRNA library to ensure
sufficient representation of each guide (250 million cells for
each replicate) and kept at a concentration of 500,000 cells/
mL. The screen was carried out in duplicate. We began with a
toxic pulse of 460 μM C381 in the treated group, which was
found to be the median lethal concentration (LC50) for K562
cells in our preliminary studies. Cells were incubated with the
drug for 24 h followed by washing and media replacement to
remove C381. The first C381 treatment resulted in a ∼50%
reduction in viability, as expected (SI Appendix, Fig. S2). How-
ever, when the cells were treated for the second time with 460
μM C381, viability reduction was minimal. This indicated that
sgRNAs conferring resistance were already becoming enriched in
the treated group. To ensure sufficient selective pressure, we
increased the concentrations for the third and fourth pulses to
490 μM and 510 μM, respectively. After four rounds of C381
treatment selection, genomic DNA from the cells was harvested
and sequenced to determine the sgRNA distribution in each
group (Dataset S1 and Fig. 3B). The protective hits had a much
stronger effect size than the sensitizing hits. We hypothesized
that the target would likely be a protective hit, as knocking
down the target of C381 would most likely confer resistance at
high concentrations. Interestingly, pathway and cellular compo-
nent analysis of the top hits indicated a strong enrichment for
lysosomal membrane proteins and pH regulatory machinery,
specifically members of the vacuolar-type H+-ATPase (v-
ATPase) protein complex (Fig. 3C). Each of the 14 subunits of
the v-ATPase complex was a significant hit in the screen (10%
false discovery rate [FDR]), along with the two v-ATPase acces-
sory proteins (ATP6AP1 and ATP6AP2) (44). v-ATPase is the
proton pump responsible for lysosome acidification, which is
necessary for proper function of the resident degradative enzymes
as well as maintaining the proton gradient required for transport
of various metabolites (45). Dysregulation of lysosomal acidifica-
tion is exhibited with age and in several neurodegenerative con-
ditions, including FTD and PD (11, 46). Mutations in
ATP6AP2, also known as the renin receptor or v-ATPase
adapter protein 2, directly cause a rare form of early onset PD
(47). Overall, 75% of the enriched gene ontology terms from
the protective hits were lysosome/vacuole related (Fig. 3C and SI
Appendix, Fig. S3).

Fig. 2. C381 is antiinflammatory and neuroprotective in preclinical mouse
models of neurodegenerative disease. (A) Confocal microscopy images of
CD68 immunohistochemistry (IHC) from the thalamus of Grn�/� mice
treated twice weekly for 1 mo with C381 or vehicle (30 mg/kg, i.p. twice/
week, n = 5 to 6/group). (Scale bar, 12 μm.) (B) Quantification of CD68
immunoreactivity from A (two-way ANOVA *P < 0.05, **P < 0.01). (C) Same
as A but for Iba1. (D) Same as B but for Iba1. (E) Treatment and model sche-
matic for MPTP/probenicid PD mice. (F) Representative IHC images of TH
staining from SNpc of sham and vehicle or C381-treated MPTP mice. (Scale
bar, 200 μm.) (G) Quantification of TH+ neurons remaining in SNpc by treat-
ment group. (H) CD68 immunostaining quantification by treatment group.
(I) Freezing behavior in the contextual fear conditioning test by treatment
group. (G–I) Statistical test one-way ANOVA *P < 0.05, **P < 0.01. (J)
Latency to fall in the rotarod test for treatment group d. (K) Freezing behav-
ior in the contextual fear conditioning test for treatment group d. (L) Quan-
tification of CD68 immunoreactivity in treatment group d. (M) Quantifica-
tion of Iba1 immunoreactivity in treatment group d. (J–M) t test *P < 0.05.
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Fig. 3. C381 CRISPRi target identification screen implicates the lysosome and v-ATPase. (A) Schematic of CRISPRi screening process. (B) Volcano plot of
screen results. Combined casTLE (Cas9 high-throughput maximum likelihood estimator) score corresponds to statistical confidence. The 10% FDR threshold
by the Benjamini–Hochberg test in shown by the dotted black line, and the 10% FDR threshold by the Bonferonni correction is shown by the dotted red line.
Combined casTLE effect size shows magnitude and direction of each hit. Positive effect size indicates protective hits, while negative effect size indicates sen-
sitizing hits. Protective hits are genes with sgRNAs enriched in the group treated with C381, and sensitizing hits are genes with sgRNAs depleted in the group
treated with C381. Black data points indicate significant hits at the 10% FDR threshold by the Benjamini–Hochberg method. Hits with red data points are
v-ATPase subunits. (C) Network representation of enriched gene ontology terms and pathways for protective hits from the CRISPRi screen that were signifi-
cant at the 10% FDR Bonferonni threshold. Each node (circles) represents one term/pathway. Edges (lines) connect terms with similar gene sets (distance
stands in inverse relationship with overlap); further functional clustering (color) was based on kappa statistics. Distance between unconnected nodes is arbi-
trary. Shown are representative terms per cluster. (D) Schematic for the competitive growth screen validation experiment. A detailed description appears in
SI Appendix, SI Materials and Methods. (E) Results of 50/50 competitive growth assay for selection of hits from the screen. Each gene was confirmed with two
distinct gRNAs. Each bar represents results from three independent biological experiments. Individual t tests were used to compare treated to untreated for
each gRNA. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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To confirm the results of the screen, we utilized a competi-
tive growth assay with individual knockdown (KD) cell lines.
We chose a diverse set of the top gene hits for this assay:
Bloc1s2, Atp6v1h, Atp6ap2, Sidt2, and Znf292. To validate
the hits, two distinct sgRNAs for each chosen gene along with
two negative control sgRNAs (48) were delivered to CRISPRi
K562 cells lentivirally along with an mCherry reporter.
mCherry+ CRISPRi KD cells were mixed 50/50 with
mCherry� CRISPRi cells. Cells were either treated with 460
μM or vehicle, and 48 h later the ratio of mCherry+ to
mCherry� cells were assessed via flow cytometry (Fig. 3D). The
results of the validation experiment confirmed the screen results
(Fig. 3E). Even the weaker sensitizing hit, Znf292, caused a
modest increase in C381 toxicity vs. control. The results of the
CRISPRi screen, confirmed by the validation experiments,
strongly pointed to the lysosome and particularly the lysosomal
v-ATPase as the target of C381.

C381 Physically Targets the Lysosome, Promoting Acidification,
Activity, and Resilience to Damage. To determine whether
C381 functionally targets the lysosome and v-ATPase, we
probed the lysosomal effects of C381 using the Lysotracker and
Lysosensor chemical probes. Lysotracker preferentially accumu-
lates in acidic organelles and is constitutively fluorescent. Lyso-
sensor is similar in that it also accumulates in acidic organelles
but its fluorescence scales with pH - increasing in brightness
with lower pH. Using these in tandem allowed us to determine
the number and magnitude of lysosomes along with their rela-
tive acidity. For a control, we used Bafilomycin A1 (BafA), a
known inhibitor of v-ATPase (49, 50). We treated K562 cells
with a range of C381 concentrations or 500 nM BafA for 1 h,
then stained the cells with Lysotracker Red and Lysosensor
Green for 1 h. After washing, we imaged the live cells using the
Incucyte S3 system. C381 caused a dose-dependent increase in
lysosome acidification as indicated by Lysosensor area and
count (Fig. 4 A–E). BafA caused a reduction in Lysosensor sig-
nal as expected (Fig. 4 A, B, and D). At the low doses that
mimic therapeutic levels, this was a modest induction, but at
high doses there was a strong increase in Lysosensor signal
(nearly 7× at 400 μM). Lysotracker signal was not significantly
changed with therapeutic doses of C381, but at high doses
approaching the concentration used in the screen there was a
large increase in signal (∼8× by area, Fig. 4 F–H). BafA drasti-
cally reduced Lysotracker signal. These results indicated that
C381 stimulates lysosomal acidification.
We next wanted to determine whether C381 had any func-

tional effects on the lysosome. To probe this, we utilized
DQ-bovine serum albumin (BSA). DQ-BSA is conjugated to a
quenched dye that becomes fluorescent upon BSA degradation.
This means that it only fluoresces once BSA has been degraded
by the lysosome. According to our hypothesis that C381 causes
vesicular acidification and lysosomal activation, we expected to
see an increase in fluorescence signal with treatment, particu-
larly at high concentrations. Cells were treated with C381 or
BafA as a control along with DQ-BSA Green. After 2 h of
treatment, the cells were washed and imaged on the Incucyte
S3. C381 caused a significant increase in normalized DQ-BSA
area (Fig. 4 I and J). This indicated that C381 was boosting
the levels of DQ-BSA degradation under normal conditions in
healthy cells. These results show that C381 is capable of
increasing lysosome-mediated protein degradation.
Having demonstrated that C381 modulates lysosomal acidi-

fication and activity, we next set out to understand whether
this was due to a physical interaction with a lysosomal protein

or whether these lysosomal effects were downstream of the true
target. To accomplish this, we utilized HEK293 cells expressing
a hemagglutinin (HA) tag on TMEM192, a lysosomal mem-
brane protein (HA-lyso cells). The HA tag allows for lysosomal
pulldown (Fig. 4K), as described previously (51). Cells were
treated for 2 h with C381 and control drugs nitisinone and
rasagiline. Nitisinone was chosen based on having a similar
molecular weight to C381 (329.48 for C381, 329.23 for nitisi-
none). Rasagiline was chosen because it has a similar indication
to C381 as a BBB-permeable PD drug. After treatment, the
lysosomes were pulled down and the lysosomal and whole cell
fractions were analyzed for the three drugs via mass spectrome-
try C381 was significantly enriched in the lysosomal fraction
vs. the other two drugs (Fig. 4L). As a control, cells lacking the
HA tag (control-lyso cells) were treated and extracted in the
same way to ensure that the HA immunoprecipitation itself
was not enriching for C381 (Fig. 4L). No enrichment was
exhibited in the control-Lyso cells, confirming that C381 was
physically targeting the lysosome. We next wanted to determine
whether C381 was able to physically target the lysosomes in the
brains of mice, where the beneficial in vivo effects were exhib-
ited. Mice were injected (i.p.) with the same three drugs at 50
mg/kg each. Two hours after injection, the mice were killed,
the brains were extracted, and the lysosomes were isolated (SI
Appendix, SI Materials and Methods). As a control, a portion of
the lysate was kept without being enriched for lysosomes in
order to generate a “whole cell” fraction. The three drugs were
then analyzed in each fraction via mass spectrometry and lyso-
somal enrichment was assessed. The in vivo experiment results
were similar to those from the in vitro experiment, showing
strong enrichment of C381 in the lysosomes extracted from the
mouse brain (Fig. 4M).

Next, we set out to determine whether C381 was able to
provide any protection against lysosomal insults mimicking dis-
ease conditions in primary human cells. Human primary der-
mal fibroblasts were first assessed for sensitivity to C381. C381
was well tolerated in these cells at concentrations up to 100
μM, at which point slight toxicity was exhibited (SI Appendix,
Fig. S4 A and B). We next assessed whether C381 could rescue
cells from l-leucyl-l-leucine methyl ester (LLOME) toxicity.
LLOME is a lysosomotropic agent that severely damages and
permeabilizes the lysosomal membrane, causing lysosome alkali-
zation, lysophagy, and cell death (52, 53). Lysosomal mem-
brane permeabilization is a known mechanism of lysosomal
pathology in PD (54, 55). Fibroblasts were pretreated with
C381 for 24 h and then exposed to 1 or 2 mM LLOME for an
additional 24 h. C381 caused a reduction in cell death and an
increase in cell viability in the LLOME-treated fibroblasts (SI
Appendix, Fig. S4 C and D). These results showed that C381
was protecting cells from LLOME-induced death. We next
tested whether C381 was acting to functionally reduce
LLOME-mediated lysosomal damage. LLOME causes severe
membrane damage to lysosomes, resulting in the activation of
ESCRT proteins involved in lysosomal repair and the Galectin
proteins involved in lysophagy (52). The ESCRT proteins sense
and repair minor membrane damage, but for severe damage the
Galectin proteins will bind the inside of the lysosomal mem-
brane and initiate lysophagy (56). As expected, 30 min of 1
mM LLOME resulted in significant recruitment of both
Chmp2B (an ESCRT-III protein) and Galectin-3 to Lamp2+

lysosomes (Fig. 5 A–C). However, C381 pretreatment at 3 μM
drastically reduced the number of Galectin-3 and Chmp2B
puncta by 50% or more (Fig. 5 A–C). These results show that
C381 acts to protect lysosomes from membrane damage and to
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Fig. 4. C381 promotes lysosome acidification and increases lysosomal proteolysis. (A) Representative Lysosensor Green staining images from K562 cells treated
for 1 h with C381 or BafA. (Scale bar, 50 μm.) (B) Lysosome acidification changes shown by count of pH-sensitive Lysosensor Green puncta normalized to conflu-
ence in K562 cells treated for 1 h with BafA (t test ****P < 0.0001). (C) Same as in B, but treated with varying concentrations of C381. All concentrations are sta-
tistically significant vs. control (one-way ANOVA). (D) Lysosome acidification changes shown by area of pH-sensitive Lysosensor Green staining normalized to con-
fluence in K562 cells treated for 1 h with BafA (t test ****P < 0.0001). (E) Same as in D, but treated with varying concentrations of C381. All concentrations are
statistically significant vs. control (one-way ANOVA). (F) Representative Lysotracker Red staining images from K562 cells treated for 1 h with C381 or BafA. (Scale
bar, 50 μm.) (G) Overall changes in acidic vesicle number shown by count of Lysotracker Red puncta normalized to confluence in the same cells as in A (t test for
BafA; one-way ANOVA for C381 ****P < 0.0001). (H) Overall changes in acidic vesicle area shown by area of Lysotracker Red staining normalized to confluence
in the same cells as in A (t test for BafA; one-way ANOVA for C381 ***P < 0.001, ****P < 0.0001). (I) Representative images of changes in DQ-BSA Green break-
down in 8988T cells treated with vehicle, BafA, or C381. (Scale bar, 100 μm.) (J) Quantification of DQ-BSA Green area normalized to cell confluence (one-way
ANOVA **P < 0.01, ****P < 0.0001). (K) Schematic outlining Lyso-IP process. Cells expressing an HA tag on lysosomes or control cells were homogenized and
Lyso-IP was performed using an anti-HA magnetic bead enrichment protocol. The small molecules from the pulled down lysosomes were then extracted and
analyzed by mass spectrometry and compared to the whole cell fraction. (L) Quantification of in vitro lysosomal enrichment of C381 and control drugs nitisinone
and rasagiline for both the HA-lyso and control-lyso cells (one-way ANOVA ***P < 0.001). (M) Quantification of in vivo lysosomal enrichment for C381 and control
drugs nitisinone and rasagiline in mouse brain. Lysosomes were isolated from one hemibrain with the Thermo Fisher Lysosome Enrichment Kit and compared
with the whole cell fraction from the other hemibrain (one-way ANOVA ***P < 0.001, ****P < 0.0001).
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improve cellular resilience to such insults. We also found that
C381 did not affect Lamp2 fluorescence intensity, lysosome
size, or lysosome number with treatment at baseline (Fig. 5 D
and E and SI Appendix, Fig. S4E). In the case of lysosome size,
LLOME treatment caused a nearly twofold enlargement of
lysosomes, as has been reported previously (53). C381 treat-
ment normalized lysosome size back to baseline levels (Fig. 5E).
Loss of lysosome acidification is known to be exacerbated in

disease conditions, including in the case of lysosomal membrane
permeabilization exhibited in PD and in response to lysosomo-
tropic agents (54, 56). We wanted to determine whether C381
could rescue lysosomal alkalization in response to membrane
damage. Cells were first loaded with pH-sensitive probe fluores-
cein isothiocyanate (FITC)-dextran, which accumulates in lyso-
somes. At the low pH of properly functioning lysosomes, the
fluorescence of FITC is quenched. However, upon LLOME

treatment, the fluorescence of FITC returns inside the lysosome
as acidification is impaired (Fig. 5 F and G). With 3 μM C381
pretreatment, the FITC signal was restored to baseline levels in
the presence of LLOME, indicating maintenance of homeostatic
lysosomal pH (Fig. 5 F and G). These results show that C381 is
capable of maintaining lysosome acidification in the context of
lysosomal damage.

The functional consequence of impaired lysosomal acidifica-
tion is a reduction in the activity of the resident enzymes respon-
sible for breaking down cellular material. One such pH-sensitive
enzyme is cathepsin-B. Having demonstrated that C381 helps
maintain homeostatic lysosomal pH, we wanted to determine
whether this effect corresponded with maintenance of enzyme
activity. To test this, we assayed cathepsin-B activity in the pres-
ence or absence of LLOME along with a range of C381 concen-
trations (Fig. 5H). As expected, LLOME treatment reduced

Fig. 5. C381 improves lysosomal resilience to membrane permeabilization and damage. (A) Immunostaining of endogenous Chmp2B, Galectin-3, and
Lamp2 in human dermal fibroblasts. Pretreatment of 3 μM C381 for 24 h and then 1 mM LLOME for 30 min. (Scale bar, 20 μm.) Red arrows indicate colocali-
zation of Chmp2B, Galectin-3, and Lamp2. (B–E) Two cell lines in three independent experiments. Each dot represents data from a single cell line in a single
experiment. The total number of cells ranges from 51 to 72 per group. (B) Quantification of Chmp2B puncta per cell. (C) Quantification of Galectin-3 puncta
per cell. (D) Quantification of average Lamp2 fluorescence intensity per cell in each treatment group. (E) Quantification of lysosomal size in each treatment
group. (F) Fluorescence imaging of FITC-dextran–loaded cells treated for 24 h with C381 or DMSO and treated for 30 min with 1 mM LLOME or DMSO. (Scale
bar, 20 μm.) (G) Quantification of FITC-dextran fluorescence intensity in each treatment group. Two cell lines were used in three independent experiments.
The total number of cells ranges from 109 to 126 per group. (H) Normalized cathepsin-B activity in human dermal fibroblasts treated for 24 h with C381 or
DMSO followed by 30-min treatment of 1 mM LLOME or DMSO. The total number of cells ranges from 82 to 112 per group. Statistical analyses were per-
formed with two-way ANOVA and Bonferroni’s post hoc test (**P < 0.01, ***P < 0.001, ****P < 0.0001).
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cathepsin-B activity by ∼80%. However, with 3 μM C381 treat-
ment in addition to LLOME, cathepsin-B activity was increased
more than threefold vs. LLOME alone. This corresponded with
the result from the FITC-dextran experiment showing improved
pH maintenance with treatment. At higher C381 concentrations,
we saw a dose-dependent increase in cathepsin-B activity, eventu-
ally surpassing baseline levels. In cells not exposed to LLOME,
high concentrations of C381 resulted in a greater than threefold
increase in cathepsin-B activity at the highest doses tested. These
results indicate that C381 is capable of increasing the activity of a
pH-dependent lysosomal enzyme after membrane damage, and
even in naive conditions at high concentrations.

C381 Restores Lysosomal Defects in Disease Models In Vivo.
After discovering that C381 targets lysosomes in vitro and
in vivo and characterizing its positive effects on lysosomes in
cellular models, we set out to revisit our previous in vivo studies
to determine whether lysosomes were restored in this context.
Lysosomal defects are well established in the Grn�/� model of
FTD and NCL, so we first stained brain sections from these
mice for the same markers of lysosomes and associated damage
we examined in our cellular systems—Lamp2, Chmp2B, and
Galectin-3 (Fig. 6 A and B). Consistent with previous reports
in both mice and humans (57, 58), we saw an increase in
Lamp2 immunoreactivity in thalamic microglia of Grn�/�

mice (Fig. 6 A and C). Grn�/� mice treated with C381 showed

reduced levels of Lamp2 in microglia, reflecting a rescue of
lysosome pathological feature in these mice. Notably, wild-type
mice treated with C381 showed no difference in Lamp2 levels
in microglia (Fig. 6C). We repeated this analysis with Lamp1
staining, which had parallel results (SI Appendix, Fig. S5 A and
B). Likewise, Chmp2B puncta were increased in Grn�/� mice,
indicating higher levels of lysosomal damage (Fig. 6 A and D).
C381 treatment caused a marked reduction in Chmp2B puncta
(Fig. 6D), as in the cellular models. We saw similar results with
Galectin-3 staining (Fig. 6 B and E), where there was an
up-regulation in the Grn�/� mice that was rescued by C381
treatment. These results demonstrated that C381 treatment
reduces lysosomal pathology in the Grn�/� model in vivo.

Like in the Grn�/� model, lysosomal defects have also been
reported in the MPTP model of PD (54, 55). Specifically, a
causal relationship has been established between lysosomal dys-
function and pathogenic alpha-synuclein (α-syn) accumulation
(59). We set out to determine whether C381 treatment in our
MPTP model mice reduced accumulation of the pathogenic
phosphorylated form of α-syn (p-α-syn). As reported previously
(60), we saw increased p-α-syn in the SNpc of the MPTP
model mice vs. sham control (Fig. 6 F and G). C381 treatment
(paradigm a from Fig. 2E) caused a significant reduction in p-
α-syn in the SNpc. These results suggest that C381, through its
effects on the lysosome, can reduce the pathogenic accumula-
tion of p-α-syn in PD.

Fig. 6. C381 reduces lysosomal pathology in vivo. (A) Fluorescence images of microglia from wild-type and Grn�/� mice for Iba1, Lamp2, and Chmp2B. (Scale
bar, 10 μm.) (B) Fluorescence images of microglia from wild-type and Grn�/� mice for Iba1 and Galectin-3. (Scale bar, 10 μm.) (C) Quantification of Lamp2 fluores-
cence in microglia. (D) Quantification of Chmp2B puncta in microglia. (E) Quantification of Galectin-3 fluorescence in microglia. For C–E, each dot represents one
mouse, n = 15 to 28 cells/mouse. (F) Fluorescence images of the SNpc of sham, MPTP, and MPTP + C381 mice for DAPI and p-α-syn. (Scale bar, 50 μm.) (G) Quan-
tification of p-α-syn % area. Statistical analysis performed with one-way ANOVA and Tukey’s multiple comparisons test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Discussion

Lysosomal dysfunction is increasingly seen as a common thread
between neurodegenerative diseases (9, 46, 61, 62). Specifically,
lysosomes seem unable to properly acidify in many of these
conditions, leading to undegradable biomaterial accumulation
as the lysosome-resident proteases and transport channels are
unable to function properly (10, 11, 46). The central role of
the lysosome in protein degradation, sequestration of intracellu-
lar metabolites, and cell signaling make it an extremely attrac-
tive therapeutic target for neurodegenerative disease. Many
therapies targeted to the lysosome for activation and/or restora-
tion of acidification have been pursued preclinically with posi-
tive results (63–66). Unfortunately, many of these have limited
translational potential due to their inability to cross the BBB
(63, 65) or potential toxicity (64, 65).
Here we report the discovery of a lysosome activator with

broad functional benefits. Starting as the brain-penetrant lead
compound from a phenotypic screen for brain Smad activa-
tors, C381 was revealed to possess potent antiinflammatory
and neuroprotective properties in mouse models of FTD and
PD. We next probed the mechanism via a genome-wide
CRISPRi drug target identification screen that implicated the
lysosome. This unexpected discovery was confirmed by follow-
up staining and functional testing of lysosomal function with
C381 treatment. We then utilized HA-tagged lysosomes to
perform lysosome immunopurification (lyso-IP) and confirm
that C381 physically targets the lysosome in vitro. We also
showed this in vivo using a centrifugation-based lysosomal
enrichment kit. C381 was then shown to stimulate lysosomal
acidification, increase lysosomal protein breakdown, and
improve lysosomal resilience to membrane damage and perme-
abilization. Due to the widespread lysosomal dysfunction
across neurodegenerative diseases, this represents an exciting
and promising therapeutic target.
In our in vivo work prior to learning the target of C381,

CD68 reduction was a strong observed effect of the drug. At
first, we believed this reflected a general antiinflammatory
effect, but given that CD68 is a lysosomal marker it is possible
this was a direct consequence of C381’s lysosomal activity. Still,
the reduction in Iba1 staining in the Grn�/� and MPTP mod-
els demonstrates antiinflammatory activity downstream of the
drug’s lysosomal effects.
In our in vivo models, microglia had the most prominent lyso-

somal defects and many of our cell-type–specific readouts came
from these cells. Although we demonstrate that C381 has strong
effects in microglia, we have no reason to believe that the drug has
a cell-type–specific effect. It is possible that the improvement in
neuronal survival in the MPTP model is a result of direct action
on the neurons rather than a downstream consequence of the
drug’s microglial activity. We plan in the future to better charac-
terize the effects of C381 on various cell types, including neurons.
Because of the extremely selective BBB, only a small subset

(∼1%) of small molecules are able to penetrate into the brain
parenchyma as C381 does (67). Because of this and the gener-
ally high attrition rates for CNS drugs, a scoring function has
been established for drugs in this space to select for structurally
suitable compounds. This multiparameter optimization (MPO)
score ranges from 0 to 6 and is based on ClogP, ClogD, total
polar surface area, hydrogen bonding donors, molecular weight,
and pKa (68). On this 6-point scale, a score of 4 or higher indi-
cates a “desirable” drug. C381 has a CNS MPO score of 4.35.
Our discovery that C381 targets the lysosome and increases

lysosomal acidification puts it in a rare class of compounds.

These include acidic nanoparticles, EN6, and clioquinol. Acidic
nanoparticles have been pursued as therapies for neurodegenera-
tive diseases as they have been shown to restore lysosomal acidifi-
cation and improve lysosome-mediated degradation of cargo (63,
69). Although they have shown positive results in vitro and with
direct injection into the brains of PD mice (63), the translational
potential of these nanoparticles is limited, due to their inability
to cross the BBB. EN6 is an exciting new small molecule that
covalently binds v-ATPase, stimulating lysosome acidification
and inducing autophagy via mTORC1 inhibition (65). This
compound showed therapeutic potential by promoting
lysosome-dependent clearance of TDP-43 aggregates in vitro
and by activating autophagy in heart and skeletal muscle in vivo.
However, no brain penetrance of the compound was shown and
there were other covalent targets of the molecule that have not
yet been investigated. The covalent agonist activity of the com-
pound may also represent a translational hurdle from a safety
perspective. Clioquinol was originally developed as an antifungal
and antiprotozoal drug and is a zinc/copper ionophore. Clioqui-
nol has been tested in multiple models of PD (70–72) and was
discovered to have an inverse transcriptional effect to patient-
derived LRRK2 mutant–induced neurons (73). While its bene-
fits in PD models were originally ascribed to its chelator activity,
it was recently discovered that its primary mechanism is zinc-
mediated lysosome activity restoration (64). Clioquinol rescues
lysosomal acidification and increases v-ATPase subunit protein
levels, both of which contribute to restoring autophagic and lyso-
somal defects in the LRRK2 mutant model of PD. Unfortu-
nately, clioquinol is only approved for topical use and was found
to be neurotoxic when prescribed orally for long periods of time,
causing an epidemic of subacute myelooptic neuropathy in Japan
(74). Although clioquinol itself will not be translated to the
clinic due to its toxicity concerns, similar compounds will likely
be pursued to see whether the restorative lysosomal effects can
be maintained without the toxicity.

Currently, the link between C381’s Smad activation activity
and lysosomal modulation is not clear. Notably, C381 does not
seem to activate Smad signaling in various cell lines in vitro, so
it may be a CNS-specific response. One potential mechanism
of C381 CNS Smad activation is through Beclin-1, one of the
few known links between TGF-β/Smad and lysosomal function
in the CNS (75, 76). Beclin-1 is important for TGF-β receptor
recycling and becomes dysregulated with age and disease (77).
Beclin-1 was a significant protective hit from the CRISPRi
C381 target identification screen (FDR = 10%, Dataset S1),
suggesting that it is involved in the cellular response to C381’s
lysosomal effects. Since Beclin-1 is known to increase Smad
activation, we speculate that this is a likely mechanism. It is
known that with aging and disease, Smad signaling and lysoso-
mal activity both become dysfunctional. In AD, the Smad pro-
teins become mislocalized in the cytoplasm and, despite higher
levels of TGF-β1, Smad signaling decreases (78, 79). One
explanation for this phenomenon is that these cytoplasmic
Smad proteins are marked for degradation but are not being
cleared due to lysosomal/autophagic dysfunction. The fact that
we show that C381 physically targets the lysosome suggests
that the Smad activation effects are downstream of the drug’s
main effects.

The precise mechanism of C381’s effects on the lysosome
requires further investigation, although it appears to act at least
partially through v-ATPases. Interestingly, even drugs resulting
from target-based screens are frequently determined to have a
mechanism of action independent of their assumed target (40).
In order to facilitate the translation of C381 into the clinic,
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additional investigatory studies on the precise molecular target
would be desirable. Our efforts to pull down the target using
click chemistry analogs of C381 have been unsuccessful due to
loss of activity from the structural perturbation. If it does
indeed target the v-ATPase complex, binding studies will be
difficult due to its multisubunit composition and difficulties
with surface display or recombinant expression. All IND-
enabling (Investigational New Drug Application) toxicology
studies for C381 have been completed, showing no major con-
cerns. It is our hope to push C381 into clinical trials in the
near future, where it can serve as a first-in-class drug for neuro-
degenerative conditions with lysosomal pathology, such as PD,
and help pave the way for other molecules of its kind.

Materials and Methods

SI Appendix contains detailed descriptions of mouse lines and animal experi-
mentation, small molecule screening and pharmacokinetic studies, CRISPRi
screen, analysis and validation, mouse brain tissue processing and immunohis-
tochemistry, lysosome isolation and liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis, functional assays for lysosomal acidification
and degradation, and cell viability and death assays. Briefly, SBE-luc reporter
mice were used for initial screening of C381-dependent Smad activation in the
CNS. Two mouse models, Grn�/� and MPTP mice, that have been used to study
neurodegenerative diseases associated with lysosomal dysfunction, were tested
to evaluate the in vivo effect of C381 on the reduction of neuroinflammation,
neurodegeneration, and lysosomal deficit. To determine the biological target of
C381, K562 cells expressing a dCas9-KRAB fusion CRISPRi construct were
infected with a sgRNA library to enable the whole genome screens. CRISPRi

screen results were subsequently validated by competitive growth assays in
K562 cells. Analysis of lysosome properties, function, and toxicity were per-
formed in K562 cell, HEK293T cells, and fibroblasts.

Data Availability. All study data are included in the article and/or supporting
information.
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