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Neuronal FAM171A2 mediates a-synuclein fibril
uptake and drives Parkinson’s disease
Kai-Min Wu1, Qian-Hui Xu2,3, Yi-Qi Liu1, Yi-Wei Feng1, Si-Da Han1, Ya-Ru Zhang1, Shi-Dong Chen1,
Yu Guo1, Bang-Sheng Wu1, Ling-Zhi Ma4, Yi Zhang1, Yi-Lin Chen1, Liu Yang1, Zhao-Fei Yang5,
Yu-Jie Xiao6, Ting-Ting Wang7, Jue Zhao1, Shu-Fen Chen1, Mei Cui1, Bo-Xun Lu8, Wei-Dong Le5,9,
You-Sheng Shu6, Keqiang Ye10,11, Jia-Yi Li12,13, Wen-Sheng Li14, Jian Wang1, Cong Liu2,15,16*,
Peng Yuan1,17*, Jin-Tai Yu1*

Neuronal accumulation and spread of pathological a-synuclein (a-syn) fibrils are key events in
Parkinson's disease (PD) pathophysiology. However, the neuronal mechanisms underlying the uptake of
a-syn fibrils remain unclear. In this work, we identified FAM171A2 as a PD risk gene that affects a-syn
aggregation. Overexpressing FAM171A2 promotes a-syn fibril endocytosis and exacerbates the spread
and neurotoxicity of a-syn pathology. Neuronal-specific knockdown of FAM171A2 expression shows
protective effects. Mechanistically, the FAM171A2 extracellular domain 1 interacts with the a-syn
C terminus through electrostatic forces, with >1000 times more selective for fibrils. Furthermore, we
identified bemcentinib as an effective blocker of FAM171A2–a-syn fibril interaction with an in vitro
binding assay, in cellular models, and in mice. Our findings identified FAM171A2 as a potential receptor
for the neuronal uptake of a-syn fibrils and, thus, as a therapeutic target against PD.

P
arkinson’s disease (PD) is a neurode-
generative disorder affecting motor and
cognitive functions (1–3). Aggregations
of pathological a-synuclein (a-syn) in var-
ious brain regions mediate the progression

of the disease (4, 5). Aggregated a-syn proteins
form fibrils that act in a prion-like manner,
spreading a-syn pathology in various regions of
the brain (6, 7). However, the molecular mech-
anism underlying the interneuronal transmis-
sion remains unknown.
Previous studies indicated that the patholog-

ical a-syn is internalized by endocytosis (8, 9)
with different receptors (10–12); however, the
specific receptors on neurons remain to be fully
identified. We previously reported that the
single-nucleotide polymorphism rs708384 of
FAM171A2 is associated with an increased
risk for PD (13). The amount of FAM171A2 in
the cerebrospinal fluid (CSF) is increased in

individuals with PD and correlates with indi-
cations of high a-syn aggregations in the brain
(Fig. 1). In this study, we hypothesized that
FAM171A2may be involved in the interneuronal
spread of a-syn pathology. We systematically
tested this hypothesis by using a mouse model
of a-syn pathology propagation.We established
a causal relationship between FAM171A2 ex-
pression and neuronal uptake of a-syn fibrils as
well as its downstream neurotoxicity. Combin-
ing biochemical and structural approaches, we
identified the biophysical basis underlying the
FAM171A2–a-syn interaction. We further found
that a small molecule, bemcentinib, blocked this
interaction in cultured cells and in vivo. Taken
together, our data revealed that FAM171A2 is a
specific mediator for a-syn fibril internaliza-
tion and that antagonizing this interactionmay
represent a therapeutic target against a-syn
propagation in PD.

Increased FAM171A2 expression correlates
with a-syn pathology in samples from
individuals with PD
Wepreviously reported that FAM171A2 rs708384
is associated with the risk of PD (13). To fur-
ther characterize the associations between all
common variants of FAM171A2 and PD risk,
we performed a large meta–genome-wide as-
sociation study (GWAS) in PD using data from
more than 1 million total participants. Our analy-
ses revealed significant associations between PD
risk and five variants of FAM171A2: rs850738
[odds ratio (OR) = 1.05, P = 1.95 × 10−9], rs708383
(OR = 1.05, P = 4.97 × 10−9), rs708384 (OR =
1.05, P = 5.38 × 10−9), rs71371993 (OR = 1.10, P =
4.74 × 10−6), and rs35941271 (OR= 1.08, P = 5.93 ×
10−5) (Fig. 1A and table S1). We then performed
immunohistochemical staining of FAM171A2
in postmortem human brain tissues and found
neuronal staining in the midbrain taken from
four healthy brains (controls) and two brains
from patients with PD, with particularly high
signal observed on the plasmamembrane (Fig.
1B).We observed elevatedFAM171A2 expression
in patients with PD compared with controls
(Fig. 1C). Transcriptional analysis further showed
that FAM171A2 is expressed in the dopamin-
ergic neurons of the substantia nigra (SN)
as well as in other cell types across different
regions (fig. S1).
We then collected CSF samples from 30 pa-

tients with PD and 30 age- and sex-matched
controls and evaluated their FAM171A2 expres-
sion by immunoreactivity-baseddot blot (Fig. 1D
and table S2). We found that patients with PD
had elevated amount of FAM171A2 in CSF com-
pared with controls (Fig. 1E), which was val-
idated by analyzing data from a larger cohort
of 517 PD cases and 169 controls, obtained from
the Parkinson’s Progression Markers Initiative
(PPMI) cohort (Fig. 1F and table S3). We next
examined the correlation between FAM171A2
and a-syn in the CSF of individuals with PD.
Consistent with previous reports (14), we ob-
served reduced total a-syn expression in indi-
viduals with PD in both cohorts (fig. S2, A to D),
suggesting increased accumulation of a-syn
aggregates in the brain. We also found a sig-
nificant negative correlation between FAM171A2
and CSF a-syn expression among individuals
withPD in thePPMI cohort (b = –0.38,P= 1.39×
10−15; Fig. 1G). These results suggested a correla-
tion between elevated FAM171A2 and a-syn ag-
gregation in the brain. Furthermore, the PPMI
cohortmeasuredpathologicala-syn seedusing a
fluorescence-based amplification assay (SAA)
and showed that higher FAM171A2 expression
correlated with shorter times to reach thresh-
old for detection (b = –0.17, P = 0.001; Fig. 1H)
or 50% of the maximum fluorescence (b = –0.18,
P = 0.001; Fig. 1I) in patients with PD, indicating
an association of higher FAM171A2 expres-
sion with increased amounts of pathological
a-syn seeds. We controlled for the potential
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confounding effect of progranulin (13). The
progranulin expression in CSF showed no
reduction in individuals with PD compared
with controls (fig. S2, E to H). Thus, elevation
of FAM171A2 is associated with a-syn aggre-
gation in the brain, potentially contributing to
PD pathogenesis.

FAM171A2 controls preformed-fibril inoculation–
induced a-syn pathology and neurotoxicity
To test the causal effect of FAM171A2 on a-syn
pathology, we used a mouse model with in-
trastriatal inoculation of recombinant a-syn
preformed fibrils (a-syn PFFs). Inoculation of
a-syn PFFs leads to a time-dependent accu-

mulation of misfolded a-syn pathology in the
interconnected brain regions (4, 15, 16). This
approach allowed us to dissect the specific
process of pathogenic a-syn propagation. We
visualized the fibrils formed from a-synmono-
mers with transmitted electron microscopy
(fig. S3A) and confirmed themultimeric forms
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Fig. 1. Elevated FAM171A2 expression correlates with a-syn pathology in
patients with PD. (A) Associations between FAM171A2 variants and PD risk.
Chang 2017 refers to reference (34). (B) Immunohistochemical images of
FAM171A2 protein expression in human midbrain tissues. The insets show examples
of higher magnification in the dashed rectangles. Arrows indicate heightened staining
of FAM171A2. Scale bar, 20 mm. NC, normal control. (C) Quantification of FAM171A2
expression in (B) by average optical density measurement (N = 10 to 15 cells). Data
are expressed as means ± SEM and were tested with one-way analysis of
variance (ANOVA) by cells and unpaired t test by subjects. A.U., arbitrary units.
(D) Representative dot blot image of FAM171A2 expression in CSF samples from
sporadic PD patients (N = 30) and age- and sex-matched neurological NCs (N = 30).
(E) Densitometric analysis of FAM171A2 amounts in PD patients and NCs. Boxplots
depict the median and 25th and 75th quartiles, whereas whiskers represent the full
range. Statistical significance was determined with an unpaired t test. (F) CSF

FAM171A2 amounts in PD patients and NCs from PPMI cohort. Boxplots depict the
median and 25th and 75th quartiles, and whiskers represent the full range. Statistical
significance was determined by using regression models adjusted for sex and age.
RFU, relative fluorescence units. (G to I) Scatterplots showing the correlation between
FAM171A2 and total a-syn amounts in CSF (G), the time to threshold (TTT) of
a-syn SAA (aS-SAA) (H), and the time to 50%max fluorescence (T50%) of a-syn SAA
(I) in patients with PD. Measurements in (G) to (I) were adjusted for age, sex, and
progranulin expression. Linear trend lines are shown, and the 95% confidence intervals
are indicated by shading. Coefficients of determination (R2) are 0.29 (G), 0.07 (H),
and 0.06 (I). Estimate regression coefficients (b) and P values are shown. UKB, UK
Biobank; Meta-P, P value for meta-analysis; SNPs, single-nucleotide polymorphisms; Pos,
the chromosomal position in base pairs according to the human genome build hg19;
Freq, frequency; NC, neurological normal control; PPMI, Parkinson’s Progression
Markers Initiative cohort; h, hours.
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Fig. 2. FAM171A2 controls
PFFs inoculation-induced
a-syn pathology and
neurotoxicity. (A) Represen-
tative images of double
immunostaining for p-a-syn
(green) and TH (magenta)
in the SN of different groups
3 or 6 months after a-syn
PFF treatment. Staining with
4′,6-diamidino-2-phenylindole
(DAPI) is shown in blue.
Scale bar, 100 mm. Insets
show examples of higher
magnification; scale bar,
50 mm. (B) Quantification of
the ratio of p-a-syn–positive
area to the TH-positive area in
the SN on the PFF injection
side (N = 4 to 5 mice per
group, 6 brain sections per
mouse). (C) Representative
images of TH immunohisto-
chemistry in SN sections
from different groups 3 or
6 months after PBS or a-syn
PFF treatment. Arrows indi-
cate lesions. Scale bar,
200 mm. (D) Stereological
counting of TH-positive neu-
rons in the right SN of mice
from the indicated experi-
mental group (N = 4 to
5 mice per group, 7 to
9 brain sections per mouse).
(E) Representative images
of TH immunohistochemistry
in striatum sections 3 or
6 months after PBS or a-syn
PFF treatment. Arrows indi-
cate lesions. Scale bar,
500 mm. (F) Quantification of
TH fiber density in striatum
determined by average
optical density measurement
(N = 4 to 5 mice per group).
(G) Schematic of the motor
function tests in different
groups treated with PBS or
a-syn PFFs at 6 months
after treatments. (H) Three-
dimensional (3D) scatterplot
of the mice motor performance.
The black arrow connects
the centroid of the PBS-treated
wild-type group to a-syn
PFF-treated wild-type group.
The red arrow indicates the distance between a-syn PFF-treated wild-type to the FAM171A2-overexpressing group. The blue arrow identifies the distance between a-syn
PFF-treated wild-type to FAM171A2-knockdown groups. (I) Quantification of the Mahalanobis population vector distances toward the PBS-treated wild-type group 6 months
after treatment in the 3D scatter plot shown in (H). In all panels, data are presented as mean ± SEM. For (I), one-way ANOVA with a Tukey’s post-test was used. For
panels B, D, and F, two-way ANOVA with a Tukey’s post hoc test was used. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. Ctrl, control; OE, overexpression;
WT, wild type; KD, knockdown; SNpc, substantia nigra pars compacta; L, left; R, right.
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Fig. 3. FAM171A2 mediates a-syn endocytosis and regulates a-syn pathology spread. (A) Representative immunoblots of insoluble a-syn, p-a-syn, and
b-actin in primary cortical neurons after PBS or a-syn PFF treatment in indicated groups. (B and C) Quantification of insoluble p-a-syn (B) and a-syn (C) amounts
in (A). N = 3 independent experiments. (D) Representative p-a-syn (magenta) immunofluorescence images in primary cortical neurons with different FAM171A2
amounts after treatment with a-syn PFFs for 14 days. MAP2, green; DAPI, blue. N = 8 independent experiments. Scale bar, 20 mm. (E) Quantification of p-a-syn
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by SDS–polyacrylamide gel electrophoresis anal-
ysis (fig. S3B). In addition, thesea-syn PFFswere
fully capable of inducing the formation of
phospho-Ser129 a-syn (p-a-syn)–positive inclu-
sions (fig. S3C), a feature indicative of patholog-
ical misfolding of a-syn (17, 18). To manipulate
FAM171A2,wedeveloped FAM171A2overexpres-
sion and knockdown mouse models. Injection
of adeno-associated viruses (AAVs) into the
right SN increased the expression of FAM171A2
protein (fig. S4, A to F). In addition, we utilized
the CRISPR-Cas9 genome editing system to de-
lete the exons 4 to 7 in FAM171A2 gene. Because
of the lethality of homozygous FAM171A2knock-
outs, heterozygous mice (FAM171A2+/−) were
used for this study; these animals showed no
evident morphological or behavioral abnor-
malities (fig. S4, E to N).
Injection ofa-syn PFFs (2 mg/ml) into the right

dorsal striatum resulted in uptake of PFFs
through axonal terminals (fig. S5), leading to
accumulation of a-syn PFFs in the ipsilateral
SN. Three or 6 months after inoculation, we
found that FAM171A2 overexpression led to an
increased p-a-syn pathology in SN compared
with control mice, whereas FAM171A2 knock-
down reduced the accumulationofp-a-synpath-
ology compared with controls (Fig. 2, A and B).
Previous work showed that p-a-syn pathology
produces toxicity to tyrosine hydroxylase (TH)–
positive dopaminergic neurons, leading tomo-
tor dysfunction in PD (19, 20). Having found
that FAM171A2 controlled the accumulation of
p-a-syn pathology in SN, we next examined the
impact of FAM171A2 amounts on a-syn PFF–
induced neurotoxicity. Consistent with the
effect on a-syn pathology, FAM171A2 overex-
pression led to a more pronounced loss of TH-
positive neurons and fiber degeneration,whereas
FAM171A2 knockdown was neuroprotective (Fig.
2, C to F). Furthermore, pole test, rotarod test,
and wire hang test revealed that FAM171A2
overexpression worsened a-syn PFF–induced
behavior deficits, whereas FAM171A2 knock-
down showed performance similar to that mea-
sured in wild-type mice (Fig. 2, G to I, and fig.
S6). To directly test the necessity of FAM171A2 of
neuronal origin for a-syn PFF–induced pathol-
ogy, we developed amousemodel with neuronal-
specific knockout of FAM171A2 (Nes-Cre+:
FAM171A2 flox/flox; fig. S4, E and F). Following a
3-month incubation period with a-syn PFFs,

the neuron-specific knockout of FAM171A2 re-
produced all the protective phenotypes ob-
served in the whole-body knockdown mice
(fig. S7). Taken together, our findings indicate
that neuronal FAM171A2 bidirectionally mod-
ulates the accumulation of a-syn pathology
and affects PFFs neurotoxicity.

FAM171A2 mediates the endocytosis
of a-syn fibrils

We next used an in vitro cellular model to study
the mechanism underlying FAM171A2’s regula-
tion ona-syn pathology. Primary cortical neurons
were transfected with AAV to either overexpress
or knockdown FAM171A2 (fig. S8). Following a
14-day incubation with 2 mg/ml of a-syn PFFs,
we assessed the pathological a-syn contents in
the neurons. Consistentwith the in vivo findings,
increase in insoluble p-a-syn and total insoluble
a-syn amounts were detected in neurons over-
expressing FAM171A2, whereas FAM171A2 knock-
down resulted in a marked reduction of p-a-syn
and a-syn (Fig. 3, A to E). We observed similar
effects when incubation of a-syn PFFs preceded
FAM171A2 manipulation (fig. S9). The ratio of
insoluble p-a-syn to total insoluble a-syn was
not affected by FAM171A2 manipulation (fig.
S10A), indicating no effect of FAM171A2 on the
phosphorylation propensity of a-syn. More-
over, neurons treatedwith phosphate-buffered
saline (PBS) instead of a-syn PFFs showed sim-
ilar endogenous soluble a-syn expression with
or without FAM171A2 manipulations (fig. S10,
B to E), suggesting that FAM171A2 did not in-
fluence the equilibrium between endogenous
a-syn production and degradation. Given these
results, we hypothesized that FAM171A2 might
regulate the internalization of extracellular
a-syn fibrils.
To test our hypothesis, we used a short incu-

bation assay of fluorescently labeled a-syn PFFs
(Alexa-Flour 488) in primary neurons under
different conditions (FAM171A2 overexpression
or knockdown). FAM171A2 overexpression en-
hanced the uptake of a-syn PFFs compared
with wild-type neurons as determined by im-
munofluorescence andwesternblot. By contrast,
FAM171A2 knockdown led to a substantial re-
duction in the uptake compared with control
neurons (fig. 3, F to J). Internalized a-syn PFFs
and FAM171A2 colocalizedwith transferrin, an
indicator substrate for clathrin-mediated en-

docytosis (CME), and with cholera toxin B, a
marker for caveolae-mediated endocytosis
(CvME) (fig. S11), consistent with prior reports
suggesting that a-syn PFFs are internalized
through endocytosis (8, 21, 22). To directly test
the necessity of endocytic pathways, we used
dynasore, an inhibitor targeting CME, and
MbCD, an inhibitor of CvME. We observed that
the heightened a-syn PFF endocytosis caused by
FAM171A2 overexpression was effectively abol-
ished by both these inhibitors, indicating that
these two pathways are necessary for FAM171A2-
mediated internalization of a-syn PFFs (fig. S12).
Thus, these results suggest that FAM171A2might
regulate the endocytosis of a-syn PFFs.
To test whether FAM171A2 may affect the

spread of a-syn pathology between neurons,
we performed in vivo studies measuring the
braindistributionof p-a-synpathology6months
after a-syn PFF inoculation in mice with either
overexpression or knockdown of FAM171A2.
We examined key brain regions known to be
implicated in this model, including the SN,
secondary motor cortex (M2), basolateral amyg-
dala (BLA), and striatumregion (CPu). FAM171A2
overexpression led to an increase in p-a-syn
pathology in SN and CPu compared with that
in wild-type animals (Fig. 3, K toN). In addition,
whole-body aswell as neuronal FAM171A2knock-
down reduced the spread of p-a-syn pathology
across all four brain regions (Fig. 3, K toN, and
fig. S13). Together, these data indicate that neu-
ronal FAM171A2controls theendocytosis ofa-syn
fibrils and also regulates the spread of a-syn
pathology in the brain.

FAM171A2 directly binds a-syn fibrils

To visualize the FAM171A2-mediated endocyto-
sis of a-syn PFFs, we used total internal reflec-
tion microscopy (TIRF) (movie S1). In N2a cells
expressing dTomato-tagged FAM171A2, we ob-
served thatmost a-syn PFFs (we used a-syn PFFs-
488; see materials and methods) colocalized with
FAM171A2-positive puncta (Fig. 4A). Further-
more, we investigated the disappearance of a-syn
PFF puncta from the plasma membrane, indi-
cative of their internalization into cells. Our
findings revealed that 79% of a-syn PFF dis-
appearance events happened in puncta with
FAM171A2-positive labeling (Fig. 4A, fig. S14, and
movie S2), suggesting that FAM171A2-mediated
endocytosis is among the main routes of a-syn

immunofluorescence. (F) Representative images of a-syn PFF uptake in indicated
groups 3 hours after incubation with a-syn PFFs-488; N = 7 independent
experiments. The insets show examples of higher magnification; scale bars,
20 mm. (G) Quantification of the amount of internalized a-syn PFFs in (F).
(H) Western blots showing the expression of FAM171A2 and the amount of a-syn
PFF uptake in different groups of primary cortical neurons 3 hours after incubation
with either a-syn PFFs or PBS. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) is blotted as loading controls. (I and J) Quantification of the expression
of FAM171A2 (I) and the amount of a-syn PFF uptake (J) in (H). N = 4 independent
experiments. (K) Representative distribution of p-a-syn pathology (red dots) on

several coronal sections in different groups 6 months after a-syn PFF treatment.
Gray circles denote injected sites. (L) Representative images of p-a-syn pathology
on M2, CPu, BLA, and SN regions in the red boxes in (K). Scale bar, 20 mm.
(M and N) Quantification of the percentage of the p-a-syn occupied area to the total
area of the corresponding slice on the PFFs injection side. N = 4 to 5 mice per group.
For (B), (C), (I), and (J), a two-way ANOVA with a Tukey’s post hoc test was
performed. For (E), (G), (M), and (N), a one-way ANOVA with a Tukey’s post hoc
test was performed. In all panels, data are expressed as mean ± SEM. ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001. Ctrl, control; OE, FAM171A2
overexpression; Scrl, scramble control; KD, FAM171A2 knockdown; WT, wild type.
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Fig. 4. FAM171A2 directly interacts with a-syn fibrils. (A) Representative TIRF images showing colocalization of a-syn PFFs (green) with FAM171A2 (magenta) in N2a cells
transfected with FAM171A2-dTomato. Insets show examples of higher magnification of FAM171A2 and a-syn PFFs-488 (indicated by white arrows) at different times. The white circle
is in a fixed position. Scale bars, 5 mm. The upper right panel shows the Venn diagram for FAM171A2 puncta and a-syn PFFs-488 puncta in all imaged cells. The lower right panel
presents the proportion of single labeled puncta in disappeared a-syn PFFs. (B) Coimmunoprecipitation blots testing the interaction between a-syn PFFs and FAM171A2 in N2a cells
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Fig. 5. Blocking the interaction
between FAM171A2 and a-syn
fibrils by bemcentinib prevents
a-syn fibril uptake. (A) Binding
energies of compounds to
FAM171A2 and a-syn binding sites
predicted by MTiOpenScreen.
(B) The chemical structure of
bemcentinib. (C) The inhibition
activity curve for bemcentinib to
block the binding of FAM171A2
domain 1 protein and a-syn PFFs.
N = 3 independent experiments.
(D) Overlay of the 2D
1H-15N HSQC spectra of 20-mM
15N-labeled a-syn alone (blue)
and in the presence of bemcentinib
protein at molar ratios of 1:5
(green) or 1:10 (red). Black boxes
around individual amino acids
show the residues of a-syn with
significant CSDs. The lower panel
shows the residue-specific intensity
ratio (I/I0) of a-syn titrated by
bemcentinib at different ratios.
(E) CSDs of a-syn in the presence
of bemcentinib at a molar ratio
of 1:5 or 1:10. The domain
organization of a-syn is shown
on top. (F) Representative immu-
nofluorescence images showing
the uptake of a-syn PFFs in
FAM171A2-overexpressed or con-
trol N2a cells. Scale bar, 20 mm.
(G) Quantified data of the amount
of a-syn PFF uptake in (F). Data
are expressed as means ± SEM;
N = 5 independent experiments,
compared by two-way ANOVA with
a Tukey’s post hoc test for multiple
comparisons. (H) Representative
images showing the uptake
of a-syn PFFs-488 by TH-positive
neurons in SN after receiving a
7-day treatment with vehicle or
bemcentinib. The insets show
examples at higher magnification.
Scale bars = 50 mm. (I) Quantifica-
tion of the percentage of a-syn PFFs-488–positive, TH-positive neurons in the SN in indicated experiment groups. Data are expressed as means ± SEM; N = 4 to 5 mice per
group, compared by unpaired t test. (J) Quantification of the relative mean intensity of a-syn PFFs-488 in the SN in indicated experiment groups. Data are expressed as
means ± SEM; N = 4 to 5 mice per group, compared by unpaired t test. ns, not significant; **P < 0.01; ***P < 0.001. ppm, parts per million.

−8

−7

−6

−10 −9 −8 −7
Binding enengy with FAM171A2  (KJ/mol) 

B
in

di
ng

 e
ne

ng
y 

w
ith

 α
-s

yn
 (K

J/
m

ol
) 

Bolazine

Bemcentinib

Dihydroergocristine

Mk3207

Abamectin-B1a

Dihydroergotamine

OSU-03012

Vehicle Bemcentinib
10

20

30

40

Th
e

pe
rc

en
ta

ge
of

α-
sy

n
PF

Fs
 p

os
iti

ve
TH

-p
os

iti
ve

 c
el

ls
in

SN
 (%

)

ns

Vehicle Bemcentinib
35

40

45

50

55

60

**

Th
e 

re
la

tiv
e 

in
te

ns
ity

 o
f i

nt
er

na
liz

ed
 α

-s
yn

PF
Fs

 in
 T

H
-p

os
iti

ve
 c

el
ls

 in
 S

N
 (A

.U
.)

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.5

1.0

1.5

2.0
Bemcentinib IC50 = 19.1 µM

Ab
so

rb
an

ce
at

45
0n

m

log(Bemcentinib concentration/µM)

N

N
N N

N
N

NH2NH
Bemcentinib

A B

C

D

E

F G

H I J

15
N

(p
pm

)

110

115

120

125

130

1H(ppm)

α-syn
α-syn:Bemcentinib = 1:5
α-syn:Bemcentinib = 1:10

G132
G93

S129

N103
D121 N122

Y125
V118

Y133

E110
E130

D119
A124

E137

L113

A140

Y136

8.6 8.4 8.2 8.0 7.8

E123

D115

α-syn residue number

37 99

20 40 60 80 100 120 140
0.00

0.25

0.50

0.75

1.00

1.25

1.50

I/
I 0

N-terminus Fc region C-terminus

α-syn:Bemcentinib=1:5
α-syn:Bemcentinib=1:10

α-syn:Bemcentinib=1:5 α

α-syn residue number
0 20 40 60 80 100 120 140

0.00

0.02

0.04

0.06

C
SD

(p
pm

)

-syn:Bemcentinib=1:10

37 99
Fc region C-terminusN-terminus

Ve
hi

cl
e

B
em

ce
nt

in
ib

-syn PFFs-488 TH DAPI

 P
F
F
s
-4
8
8

F
A
M
1
7
1
A
2

Ctrl OE Ctrl OE
DMSO Bemcentinib

DMSO Bemcentinib
0

1

2

3

4

5

α-
sy

n
PF

Fs
up

ta
ke

(A
.U

.) ***
ns

*** Ctrl+PFF
OE+PFF

overexpressing FAM171A2-FLAG. (C) Coimmunoprecipitation testing the interaction
between a-syn and FAM171A2 from the postmortem midbrain tissues of controls and
individuals with PD. The asterisk represents a nonspecific band; arrows indicate
possible a-syn bands. N = 2 controls and 2 patients with PD. (D) Representative
images showing the amount of a-syn PFFs binding to HEK293 cells transfected
with full-length or truncated FAM171A2-FLAG. Scale bar, 10 mm. The right panel
shows quantification of PFFs fluorescence as mean ± SEM. N = 8 independent
experiments. A one-way ANOVA followed by Tukey’s post hoc test for multiple
comparisons was performed. (E) The binding curves for a-syn PFFs or monomers to
FAM171A2 domain 1 protein fitted to logistic functions. N = 3 independent
experiments. (F) Overlay of the 2D 1H-15N HSQC spectra of 15N-labeled a-syn alone

(blue) and in the presence of FAM171A2 domain 1 protein at molar ratios of 1:1 (green)
or 1:2 (red). Black boxes show residues in a-syn with significant CSDs. (G) CSDs of
a-syn in the presence of FAM171A2 domain 1 protein at the molar ratio of 1:2. Fc,
crystallizable fragment. (H) Binding affinity of FAM171A2 domain 1 protein with
different a-syn forms tested by ELISA assay. N = 3 independent experiments.
(I) Predicted electrostatic surface model of the a-syn100–140 residues in complex with
FAM171A2 domain 1. The model confidence is 0.38. M, marker; IP, immunoprecipitation;
IB, immunoblotting; FAM171A2 DD1, FAM171A2 domain 1 deletion; FAM171A2 DD2,
FAM171A2 domain 2 deletion. Single-letter abbreviations for the amino acid residues
referenced throughout the figures are as follows: S, Ser; N, Asn; D, Asp; V, Val; Y,
Tyr; G, Gly; E, Glu; M, Met; A, Ala; L, Leu; W, Trp; R, Arg; K, Lys; P, Pro.
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PFF internalization. Immunoprecipitation ex-
periments in N2a cells showed that molecular
interaction exists between FAM171A2 and a-syn
PFFs (Fig. 4B). Similar immunoprecipitation
experiments in freshly frozen postmortem hu-
man midbrain tissues showed binding between
FAM171A2 and a-syn in samples from individ-
uals with PD but not in brains from healthy
controls (Fig. 4C). These findings support the
interaction between FAM171A2 and pathological
a-syn in both preclinical models and in clinical
samples.
To locate thebindingsiteofa-synonFAM171A2,

we measured the binding of a–syn PFFs to the
cell surface in human embryonic kidney (HEK)
293 cells overexpressing full-length or domain-
truncated FAM171A2 (domain 1, amino acids
30 to 125, anddomain2, amino acids 126 to 315).
We found that FAM171A2 domain 1 is necessary
for the uptake of a-syn PFFs (Fig. 4D). We then
purified the FAM171A2 domain 1 and estab-
lished an enzyme-linked immunosorbent assay
(ELISA). Domain 1 of FAM171A2 binds to a-syn
PFFs with high affinity [estimated equilibrium
dissociation constant (KD) around 33 nM],
which was about three orders of magnitude
stronger than that measured frommonomeric
a-syn (Fig. 4E). On the other hand, tau and
amyloid b (Ab) monomers or fibrils showed
lower or no affinity to FAM171A2 domain 1 (fig.
S15). Incubating FAM171A2-overexpressing N2a
cells with purified FAM171A2 domain 1 proteins
blocked the internalization ofa-synPFFs (fig. S16),
further verifying the binding between FAM171A2
domain 1 and a-syn PFFs. We further dissected
themolecular interactions between FAM171A2
domain 1 and a-syn using nuclear magnetic res-
onance (NMR) spectroscopy. By labeling the
nitrogen atoms in a-synwith 15N, wewere able
to map individual amino acid residues with the
1H-15N heteronuclear single-quantum coherence
(HSQC) spectrum (23). When we titrated the
solutionwith purified FAM171A2 domain 1, we
observed chemical shift deviations (CSDs) in
C-terminal residues ofa-syn (Fig. 4, F andG, and
fig. S17), suggesting a potential binding site. Con-
sistently, deleting the C-terminal region of a-syn
(amino acids 101 to 140) completely abolished
the binding to FAM171A2 domain-1 (Fig. 4H).
We then used AlphaFold-Multimer to pre-

dict the structure of the FAM171A2–a-syn com-
plex. The resulting structure revealed that the
negatively charged a-syn C terminus (Val118,
Asp119, Asp121, Asn122, Glu123, Ala124, Tyr125, Glu126)
aligned with the positively charged surface of
FAM171A2 domain-1 (Trp109, Arg110, Val111, Asp112,
Lys113, Pro115, Leu116, Tyr117, Ala118) (Fig. 4I). The
predicted interacting residues on a-syn were
closely aligned with those that showed chem-
ical shift deviations in our NMR titration ex-
periments, indicating a faithful representation
of the binding interface. Binding of FAM171A2 to
the a-syn C terminus could potentially explain
the selective affinity of FAM171A2 toward a-syn

fibrils, as our previous study found that the a-syn
C-terminal regionwaspartially shielded inmono-
mers (24) but fully exposed and densely packed
in fibrils (25). Altogether, our data demonstrated
specific binding between FAM171A2 and a-syn
PFFs, providing the structural basis for FAM171A2-
mediated a-syn uptake.

Bemcentinib blocks binding between a-syn
fibrils and FAM171A2

With the predicted complex structure, we per-
formed a virtual screening to identify potential
interfering small molecules with the Drug-lib
database in MTiOpenScreen (26). We reasoned
that candidate molecules should show high af-
finity to the same binding site, thus blocking
interactionbetweenFAM171A2anda-syn through
competition. We screened a collection of 7173
previously approved drugs and found 7 com-
pounds (bolazine, bemcentinib, dihydroergoc-
ristine, Mk3207, dihydroergotamine, OSU-03012,
and abamectin-B1a) with high docking affinities
to interacting residues from both FAM171A2 and
a-syn (Fig. 5A).Wemeasured six out of the seven
molecules for their effects in inhibiting the in-
teraction between FAM171A2 domain 1 and
a-syn PFFswith our ELISA approach and found
that bemcentinib, a drug developed for cancer
treatment (27), showed a strong effect at micro-
molar concentrations (Fig. 5, B and C, and fig.
S18A). To gain structural insights underlying the
effects of bemcentinib,we conductedNMRspec-
troscopy experiments using titration of bemcen-
tinib to the 15N-labeleda-synmonomer solution.
Bemcentinib caused amarked drop in theHSQC
signal intensity and substantial CSDs in the
C terminus of a-syn, with many affected resid-
uesmatching those found to be the interaction
sites to FAM171A2 domain 1 (Fig. 5, D and E).
These data suggest that bemcentinib might
interfere with FAM171A2–a-syn interaction by
competing overlapping residues.
We then examined whether bemcentinib

could suppress the endocytosis of a-syn PFFs.
We first measured the effect of bemcentinib in
N2a cells with FAM171A2 overexpression. Pre-
treating N2a cells with 10-mM bemcentinib for
1 hour reduced the amount of a-syn binding to
FAM171A2 and endocytosed into the cells (Fig.
5, F and G, and fig. S18B) but showed no effect
in cells without FAM171A2 overexpression, in-
dicating a potent effect in blocking FAM171A2-
mediated endocytosis of a-syn PFFs. To test
the effect of bemcentinib in vivo, we developed
a liquid chromatography detectionmethod for
bemcentinib and found that bemcentinib could
not cross theblood-brainbarrier (28,29) (fig. S19).
Therefore, we treated wild-type mice that pre-
viously received2.5ml ofa-synPFFs-488 (2mg/ml)
in the right striatum, with 5 ml of bemcentinib
solution (2.5 mg/ml) injected in the right lateral
ventricle for 7 consecutive days. Bemcentinibdid
not cause obvious toxicity to neurons (fig. S20)
or abnormal behavior in treatedmice. However,

bemcentinib reduced the total amount of in-
ternalized a-syn PFFs-488 in the right SN (Fig.
5, H to J). Together, these findings suggest
that bemcentinib might inhibit the binding
between FAM171A2 and a-syn PFFs in vivo, thus
representing a potential strategy to block the
pathological spread of a-syn fibrils in the con-
text of PD.

Discussion

Several membrane proteins, such as heparan
sulfate proteoglycan (12), low-density lipopro-
tein receptor–related protein 1 (11), lymphocyte-
activation gene 3 (10), Mer tyrosine kinase (30),
and glycoprotein nonmetastatic melanoma pro-
tein B (31), have been proposed as potential me-
diators in the recognition of pathological a-syn.
Despite the keen interest in identifying such
a mediator, these proteins currently lack clear
evidence for neuronal expression, selectivity for
a-syn fibril over monomers, or in vivo efficacy
(11, 12, 32). Our findings identify a binding site
between FAM171A2 and a-syn and provide
strong evidence suggesting that FAM171A2 has
stronger binding affinity to a-syn fibrils compared
with that of monomers. FAM171A2 is expressed
on SN neurons in humans, with elevated ex-
pression and binding with a-syn fibrils detected
in individuals with PD compared with controls.
Altogether, our data suggest that FAM171A2 is a
receptor that directly binds with a-syn fibrils and
controls the neuronal uptake of them (fig. S21).
PD is predominantly marked by motor im-

pairments due to the gradual degeneration of
dopaminergic neurons in SN. The exact neural
mechanisms responsible for the development
of PD remain elusive, but the spread of path-
ological a-syn across different brain regions is
closely linked to the disease's progression (3, 33),
suggesting a fundamental role in its pathoge-
nesis. Currently, the specificmolecular processes
that facilitate the distribution of pathological
a-syn are not fully understood. In this work, we
identified a potential target for limiting the
spread of a-syn fibrils between neurons. We
pinpointed the specific subdomain of FAM171A2
and the corresponding interface on a-syn re-
sponsible for their direct interaction, identify-
ing the key residues involved. Moreover, we
identified bemcentinib, which interferes with
the amino acids critical for the FAM171A2–a-syn
interaction and demonstrated bemcentinib’s
ability to prevent the FAM171A2 and a-syn PFF
binding and to block the uptake of a-syn PFFs
in mice. Although bemcentinib may not be di-
rectly applicable in a clinical setting owing to its
low efficacy in brain penetrance, ourmethod of
using structural analysis opens the possibility
to discover effective drugs based onour findings.
Altogether, we identified a pathway potentially
involved in the spread of a-syn fibrils between
brain areas and suggest a compelling strat-
egy for impeding this process in individuals
with PD.
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