Cell Reports

Alpha-synuclein abundance and localization are
regulated by the RNA-binding protein PUMILIO1
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@ PUM1 binds two recognition elements at the 3' UTR of SNCA
mRNA in human cells

@ PUM1 suppresses a-synuclein in dopaminergic cells
vulnerable in Parkinson’s disease (PD)

® PUM1 suppresses the long SNCA isoform, whose levels rise
more in PD

® Some cases of PD involve PUM1 variants that cannot bind
the SNCA 3’ UTR
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In brief

Cabaj et al. find that the RNA-binding
protein PUM1 regulates a-synuclein
levels by binding two Pumilio recognition
elements in the SNCA 3’ UTR in mice and
human neurons. The long SNCA isoform,
which contains both PUM1 recognition
elements (PREs), is upregulated in
Parkinson’s disease and responsive to
PUM1 suppression.
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SUMMARY

The protein a-synuclein, encoded by SNCA, accumulates in Parkinson’s disease (PD) and other synucleino-
pathies for reasons that remain unclear. Here, we investigated whether SNCA is regulated in vivo by the RNA-
binding protein PUM1. We establish that PUM1 binds to SNCA’s 3' UTR in mouse and human cells. In induced
neurons from patients with SNCA locus triplication, PUM7 mRNA levels are lower than in healthy controls, but
increasing PUM1 normalizes both SNCA mRNA and a-synuclein protein levels, largely by suppressing the
long 3 UTR SNCA isoform. In microfluidic chamber experiments, silencing PUM1 causes a redistribution
of SNCA between the soma and axons. We also show that the previously described miR-7 regulation of
SNCA mRNA requires PUM1. Lastly, we report finding several individuals with PD in clinical databases
bearing variants in PUM1 that affect its RNA-binding ability. Understanding how RNA-binding proteins regu-
late a-synuclein could lead to viable new therapies for synucleinopathies.

INTRODUCTION in many respects but are all characterized pathologically by the

abnormal accumulation of a disease-related protein in neurons.
Proteostasis is so crucial to neuronal function that its dysregula-  In inherited proteopathies such as Huntington’s disease, a muta-
tion underlies a number of neurodegenerative diseases. These tion alters the conformation of the disease-causing protein in such
“proteopathies,” which include both familial and sporadic dis- a way that it resists the neuron’s usual mechanisms of protein
eases such as Alzheimer’s and Parkinson’s, differ from each other  clearance and eventually forms inclusions in neurons.' Even too
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much wild-type (WT) protein can be neurotoxic, however: duplica-
tions or triplications of the SNCA locus cause overexpression of
a-synuclein, leading to a familial Parkinson’s disease (PD) whose
severity correlates with gene dosage.” There has thus been
considerable interest in therapeutic approaches that reduce
the steady-state concentrations of neurodegenerative-disease-
related proteins such as a-synuclein,® which is involved not just
in PD but also in multiple system atrophy (MSA), Lewy body
dementia, and neuroaxonal dystrophies, among others.*® To
reduce a-synuclein to physiological levels requires that we under-
stand the variety of mechanisms by which it accumulates, and
why it affects different cell types in different synucleinopathies.

For these reasons, several groups have sought to understand
the endogenous pathways that regulate a-synuclein abundance.
For example, RNA-binding proteins (RBPs) and microRNAs
(miRNAs) commonly influence various aspects of RNA fate,
including RNA localization and stability, by binding to the 3’
UTRs of target mRNAs. Indeed, several miRNAs—miR-7, miR-
34b, miR-153, and miR-34c—have been found to influence a-syn-
uclein abundance by binding the SNCA 3’ UTR,®’ at least in
cellular systems, with more possibilities to be tested.® Of these,
miR-7 and miR-153 together repress SNCA mRNA expression
by ~47% in experimental cell models and in the MPTP neurotoxin
mouse model”’; miR-7 seems to facilitate the degradation of
a-synuclein, and loss of miR-7 in mice leads to accumulation of
a-synuclein with associated nigral dopaminergic loss.'%'" Intrigu-
ingly, miR-7 levels have been found to be lower than normal in the
substantia nigra pars compacta (SNpc) of patients with PD."" The
role of RBPs in the regulation of PD-linked genes has been less
explored: to our knowledge, the first RBPs found to regulate
SNCA were ELAVL1 and TIAR1, in 2017."% They increase the
levels of SNCA mRNA (primarily the short isoform) by binding its
3’ UTR."? Interestingly, the authors note that TIAR1 is downregu-
lated in PD while ELAVL1 is upregulated in MSA. More recently,
the RBP AUF1 was shown to destabilize SNCA transcripts in
the cytosol (again, predominantly the short isoforms) by inhibiting
their association with ribosomes, thereby reducing a-synuclein
levels.'® It is also worth noting that although the short isoform is
thought to contribute more to protein synthesis, ' the long isoform
seems to increase in PD.™

In the course of investigating the role of the RBP PUMILIO1
(PUM1) in neurological function in mice and humans,'>'® we per-
formed a genome-wide search for conserved PUM1 recognition
elements (PREs) in 3’ UTRs and identified several genes associ-
ated with PD, including SNCA, as putative targets. PUM1 can
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repress translation of its targets by any of three mechanisms'”:
it can bind directly to the transcript’'s 3’ UTR at PREs, which
consist of a well-conserved motif (UGUA[N]JAUA) in the corre-
sponding DNA'8; it can recruit the CCR4-NOT deadenylase com-
plex to inhibit translation or degrade the mRNA'®% or it can
cooperate with AGO2 to employ the miRNA machinery to repress
translation. We therefore set out to determine whether SNCA
mRNA is a genuine target of PUM1 and to understand the mech-
anisms of its regulation across multiple models, including mouse,
rat, and neurons derived from patients with PD.

RESULTS

PUM1 binds PREs in the SNCA 3’ UTR in human cells and
mouse brain
We performed a genome-wide bioinformatics analysis to identify
all genes with at least one PRE in their 3 UTR and found 4,279
unique putative mRNAs (Table S1). To narrow down the number
of candidate targets, we focused on candidates with at least
one PRE conserved between humans and mice in the 3" UTRs.
This resulted in 2,187 candidate targets, for which we performed
Ingenuity Pathway Analysis (IPA).>' We selected all categories
with —logo(p values) >3 and ranked them by statistical signifi-
cance (Figure S1A and Table S2). “Developmental disorder”
was the most enriched category (Figure S1A), but the second-
highest ranked term, “neurological disease,” had the largest num-
ber of targets. We further expanded this category and repeated
the IPA to generate an enrichment network, identifying five sub-
categories (Parkinson’s disease, Alzheimer’s disease, tauopathy,
bipolar disorder, and movement disorders) along with four PD-
linked genes (SNCA, LRRK2, APP, and GIGYF2) (Figure S1B).
To assess the functional relationship between PUM1 and these
four putative target mRNAs, we overexpressed or silenced PUM1
in HEK293T cells and quantified the mRNA levels of LRRK2,
SNCA, GIGYF2, and APP, using ATXN1'%'® as a positive control.
As negative controls, we included three PD-associated genes that
do not contain PREs (UCHL1, PRKN, and ATP13A2)°*>* and FEV,
which neither contains a PRE nor is linked to PD. All genes without
PREs were unaffected by PUM1 overexpression or knockdown. In
contrast, the four predicted PD-linked mRNAs showed an inverse
correlation to PUM1 expression: SNCA mRNA levels were most
affected, being reduced by ~50% following PUM1 overexpres-
sion and increased by ~150% following knockdown (Figure 1A).
Neuroblastoma SH-SY5Y cell lines showed the same inverse cor-
relation between PUM1 and the PD-associated genes, with SNCA

Figure 1. PUM1 regulates SNCA by binding to both PREs in its 3 UTR and is inversely correlated with a-Syn expression during development
(A) gPCR of PD risk genes with or without a PRE in their 3’ UTR, after knockdown or overexpression of PUM1 in HEK293T cells. SNCA showed the strongest
response to changes in PUM1 expression. ATXN7 was used as a positive control and FEV as a non-PD-related negative control. Data were normalized to GAPDH
and then compared to cells treated with an empty vector for PUM1 overexpression (OE) and siScramble for PUM1 knockdown experiments.

(B) gPCR in HEK293T cells transfected with 0.5-2 ug of PUM1. Data were normalized to GAPDH and then compared to cells treated with an empty vector.
(C) gqPCR of Pum1 and Snca from brains of wild-type (WT) mice from gestation (embryonic day 14.5) to young adulthood (post-natal 120 days [P120]). Data were
normalized to Gapdh mRNA levels.

(D) Representative western blot and relative quantification of Pum1 and a-Syn protein levels from E14.5 to P120, confirming their inverse relationship.

(E) Ratio of Renilla luciferase (RL) to firefly luciferase (FL) in HEK293T cells transfected with full-length SNCA 3’ UTR subcloned into the psiCHECK-2 vector, along
with either overexpression (left) or silencing (right) of PUM1 in the context of mutating PRE1, PRE2, or both. Empty vector and siScramble were used as negative
controls for PUM1 overexpression and silencing, respectively.

All data represent the mean + SEM from at least three biological replicates (indicated here as single dots). Statistical significance was calculated using Student’s t
test: *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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mRNA again being the most strongly affected (Figure S1C). Step-
wise increases in PUM1 expression led to corresponding de-
creases in SNCA mRNA in HEK293T cells (Figure 1B). We decided
to focus on SNCA because it showed the strongest response to
PUM1 dysregulation in cells.

To examine the relationship between Pum1 and a-Syn in mice,
we first measured their RNA and protein levels at various devel-
opmental time points in the mouse brain. The results show the
same anti-correlation we observed in human cells (Figures 1C
and 1D). (Here and throughout this paper, we will refer to the hu-
man genes and proteins in all uppercase, e.g., SNCA, but use an
initial capital only, e.g., Snca, for murine genes and proteins).

To determine how PUM1 represses SNCA mRNA, we focused
on its PREs. The canonical long human SNCA isoform has a 3’
UTR that is 2,529 nt long and contains two PREs'*: the proximal
site, located from 525 to 532 nt (PRE1), and the distal site, from
1,663 to 1,671 nt (PRE2) (Figure S1D) (there is also a more
recently discovered, even longer isoform®® as well as several
possible shorter isoforms'; Figure S1D). We deleted either
PRE1, PRE2, or both, and quantified SNCA using a luciferase
assay after overexpression or silencing of PUM1 (Figure 1E).
PUM1 overexpression suppressed SNCA expression ~75%;
deleting either the proximal or distal PRE relieved SNCA sup-
pression, bringing it up to half WT levels, whereas deletion of
both PREs restored SNCA expression (Figure 1E, left). Similarly,
in the context of PUM1 knockdown, deletion of both PREs pro-
tected SNCA transcripts from PUM1 suppression (Figure 1E,
right). Thus, the two PREs have an additive effect in human cells.

The murine Snca 3’ UTR contains one conserved PRE
(Figure S1D). We performed RNA crosslinking immunoprecipi-
tation (RNA-CLIP)'® on whole brains from 3-week-old WT
mice, using Pum1-knockout (KO) mice as negative controls
(Figure 2A). RNA-CLIP in WT mice confirmed a specific interac-
tion between Pum1 and the conserved PRE within the Snca3'
UTR in the brain; as expected for a negative control, no enrich-
ment was detected in Pum1-KO mice (Figure 2A). In a random-
ized, blinded assay, Snca mRNA levels increased by 40% in
Pum1-Het mice and by 70% in Pum1-KO mice (Figure 2B),
while a-Syn protein levels increased by 32% and 87 %, respec-
tively (Figures 2C and 2D). Therefore, Pum1 binds and nega-
tively regulates Snca in the mouse brain.

Since PUM1’s close homolog PUM2 also binds PREs®® and
co-regulates some of the same targets,® we asked whether
PUM2 might also influence SNCA. In fact, a prior study in
SH-SY5Y cells suggested that both PUM1 and PUM2 may
regulate SNCA.® We manipulated PUM2 in HEK293T cells and
examined the effects on both PUM1 and SNCA mRNA levels.
Silencing PUM2 led to an increase in PUM1 levels and a
concomitant decrease in SNCA mRNA. Conversely, PUM2
overexpression reduced PUM7 expression and increased
SNCA levels (Figure 2E). These findings confirm that SNCA is
directly regulated by PUM1 but that PUM2 could exert an
indirect effect through its influence on PUM1 expression.

Pum1 suppresses Snca mRNA to different degrees in
different mouse brain regions

We have previously shown that some Pum1 interactions vary
across different brain regions while others remain constant.”’
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To explore the relationship between Pum1 and Snca mRNA in
different brain regions, we performed quantitative in situ hybrid-
ization (ISH) with painted probes'® against Pum1 and Snca
mRNAs in Pum1-Het and Pum1-KO mice. Signal intensity was
scored along a gradient, from yellow (low) to blue (medium)
and red (high), and quantified as a function of the number of
colored pixels for each color and overall, compared to WT (see
STAR Methods). We observed an overall 50% reduction in
Pum1-Het and a very low signal in Pum1-KO brains in all three
channels (Figure S2A).

ISH against Snca in whole-brain samples suggested no signif-
icant change in Snca transcripts overall with Pum1 loss
(Figure S2B). There were no appreciable changes in the low
and medium channels, but the high-intensity channel showed
higher levels of Snca transcripts in the context of Pum1 haploin-
sufficiency or knockout (Figure S2B). This suggests a significant
increase in Snca mRNA within the same neurons, rather than
from new cells. Snca increased in the cortex, hippocampus,
and SNpc to varying degrees with loss of Pum1 (Figure 3A).
Significant elevations were found in medium-signal (blue) and
high-signal (red) foci in the hippocampus (Figure 3A). In the
SNpc, global Snca levels were increased in Pum1-Het mice,
with expression rising 250% compared to WT in the red channel,
while in Pum1-KO, Snca increased by ~300% (Figure 3A).

To evaluate the increase of Snca mRNA at single-neuron
resolution in the SNpc, we performed RNAscope on brain
sections from Pum1-Het and Pum1-KO mice compared to
WT controls using a probe targeting tyrosine hydroxylase
(Th) mRNA to mark dopaminergic neurons in the SNpc
(Figures 3B, S3A, and S3B). Snca transcripts were proportion-
ally elevated in both Pum1-Het and Pum1-KO mice. To test
possible compensation by Pum2 in the SNpc, we measured
Pum2 mRNA expression across different brain regions using
ISH. Pum2 expression increased across many regions, partic-
ularly in the hippocampus and cerebellum, but was undetect-
able in the SNpc (Figures S3C and S4).

Pum1 influences Snca localization in specific neuronal
compartments

In PD, a-Syn accumulates in the axon, impairing microtubule-
based transport from the soma to the terminals.”® Given that
Pum2 retains target mRNAs in the soma during axonal
development,”® we wondered whether Pum1 might also
influence the subcellular distribution of Snca mRNA. To this
end, we transduced rat hippocampal neurons with either
shPum1 or Pum1 overexpression (OE) viruses, and compared
them to shControls and empty controls, respectively. We found
that Pum1 OE in rat hippocampal neurons reduced Snca mRNA
and a-Syn protein levels by approximately 50% and 70%,
respectively (Figures 4A and 4B). Conversely, shPum1
increased Snca mRNA and a-Syn protein levels.

To determine whether this regulation is compartment
specific, we cultured rat hippocampal neurons in microfluidic
chambers to isolate the soma from the axon®® and treated
the somatic compartment with shPumi. We then lysed
the cells in a compartment-specific manner for gPCR. Pum1
mRNA levels in the soma fell by ~50% without significantly
affecting axonal Pum1. This change, however, led to a
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Figure 2. Pum1 regulates a-Syn protein and Snca mRNA levels in the mouse brain

(A) RNA-CLIP for the conserved Snca PRE, following immunoprecipitation (IP) against Pum1, in mouse brains at 3 weeks of age. The purple and red lines indicate
PCR fragments upstream of the conserved Snca 3’ UTR PRE (508-515) (Figure S1D). IP against IgG and Pum1-KO mice were used as negative controls. RNA
lysate from 10% of the pre-cleared lysate was used as input; see STAR Methods.

(B) RNA quantification by gPCR of Pum1 and Snca from WT, Pum1-Het, and Pum1-KO mouse brains at 3 weeks of age. Data were normalized to Gapdh and
represent means + SEM from three biological replicates.

(C and D) (C) Randomized and blinded western blots and (D) quantification of Pum1 and a-Syn from Pum1-Het and -KO mice, compared to WT animals at 3 weeks
of age. Data were normalized to Gapdh. Data represent means + SEM from four WT, eight Pum1-Het, and four Pum1-KO mouse brains, with equal numbers of
males and females for each genotype.

(E) gPCR of SNCA, PUM1, and FEV (negative control) after knockdown or overexpression (OE) of PUMZ2 in HEK293T cells. Data were normalized to GAPDH and
then compared to cells treated with an empty vector for PUM2 overexpression and siScramble for PUM2 knockdown experiments.

Statistical significance was determined by ANOVA and Student’s t test: *p < 0.05, *p < 0.01, ***p < 0.001.

redistribution of Snca: Snca mRNA fell by ~25% in the
soma but rose almost 50% in the axon (Figure 4C). These
data indicate that Pum1 regulation of Snca is conserved in
rat neurons and that Pumi safeguards the axons against
a-Syn accumulation.

PUMH1 represses a-Syn expression in neurons derived
from patients with SNCA triplication

We reprogrammed human induced pluripotent stem cells
(hiSPCs) from patients carrying triplications of the SNCA locus
into induced neurons (iNs) (see STAR Methods). These patients
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Figure 3. Pum1 haploinsufficiency increases Snca RNA levels in specific brain regions and in individual neurons within the SNpc

(A) Magnified representative ISH sagittal images of Snca in the cortex, hippocampus, and substantia nigra pars compacta from WT, Pum1-Het, and Pum1-KO
mouse cortex, hippocampus, and substantia nigra pars compacta (SNpc), taken from whole-brain images (Figure S3). The intensity of the ISH signal is color
coded on a yellow-to-red gradient (low, yellow; medium, blue; high, red). Graphs to the right: the first column shows the total number of painted pixels; columns 2
through 4 show low-intensity (yellow), medium-intensity (blue), and high-intensity (red) bins, indicated by the color bar at the top of each panel (see STAR
Methods). Each dot represents a single quantified section, with a total of eight sections per genotype. See also Figures S2, S4, and S5.

(B) Representative RNAscope FISH images of coronal brain sections at 40x objective highlighting individual dopaminergic neurons from WT, Pum1-Het, and
Pum1-KO mice at 3 weeks of age. A single Th-positive neuron is selected from the left panel (scale bar, 10 pm) of each genotype and shown in individual channels
(merged, Th, Snca, and DAPI) in the right panels (scale bar, 4 um). Each fluorescent particle on Snca channel represents one Snca mRNA molecule. Quantification
of Snca mRNA particles per Th* neuron for each genotype is shown on the right. Only non-overlapping, fully imaged Th* neurons were included in the analysis.
Each dot represents a single Th* neuron: WT (n = 56 neurons), Pum1-Het (n = 58 neurons), and Pum1-KO (n = 56 neurons), with three mice per genotype. See also
Figure S83.

Data represent means + SEM. Statistical significance was determined by ANOVA and Student’s t test: “o < 0.05, **p < 0.01, ***p < 0.001. See also Figures S2-54.
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Figure 4. Pum1 regulates a-Syn levels in rat hippocampal neurons

(A and B) shPum1 and Pum1 were virally delivered to primary rat hippocampal neurons and compared to a non-targeting control shRNA or empty vector,
respectively (dotted line). (A) Snca and Pum1 mRNA and (B) a-Syn protein levels were then quantified as described in STAR Methods. Snca mRNA and a-Syn
protein levels were reduced following Pum1 overexpression (OE) compared to the empty vector. Conversely, neurons transduced with shPum1 showed a modest
upregulation of both Snca mRNA and a-Syn protein. Data represent means + SEM from three biological replicates. Statistical significance was determined by
Student’s t test: *p < 0.05, *p < 0.01, **p < 0.001.

(C) Top: schematic representation of the microfluidic chamber. Primary rat hippocampal neurons were cultured in the upper compartment and extended axons
through 750-pm-long microgrooves into the axonal compartment. We administered shPum?1 or shControl lentiviruses into the somatic compartment to knock
down Pum1 before cell lysis and RNA quantification. Bottom: gPCR shows that Pum7 mRNA was reduced >50% in the soma but unaffected in the axons
compared to shControl. Snca levels fell in the soma but were increased in the axons. Data were normalized to Rps79 mRNA levels. One-sample t test on fold-
change values in each column compared to a hypothetical value of 1 (dotted line representing shControl); **p < 0.01, ***p < 0.001.
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Figure 5. PUM1 regulates «-Syn in human PD neurons

(A) Quantification of PUM1 and SNCA mRNA by qPCR in male (left) and female (right) reprogrammed PD neurons and their respective isogenic controls, with and
without PUM1 transfection. Data were normalized to GAPDH and compared to untreated control neurons.

(B) Immunostaining (upper panels) and relative signal quantification (lower graphs) in male (left) and female (right) neurons reprogrammed from controls and
patients with PD with SNCA triplication (four alleles, or 4x SNCA) and their isogenic controls. Staining for TUJ1 (purple), encoded by TUBB3, was used as a

(legend continued on next page)
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have a genetic form of PD, as they carry a triplication of the
SNCA locus (leading to four copies of the gene instead of
two).%° For each patient we generated isogenic control cell lines
using CRISPR-Cas9 to create hiPSC lines with two copies of
SNCA.*°°" These lines stably integrated the Tet-On doxycy-
cline-inducible transcription factor NGN2 (Tet-On NGN2),
enabling rapid transdifferentiation into iNs.*%*' The hiPSC lines
were reprogrammed into iNs, followed by transduction of Tet-
On PUM1 at 14 days in vitro (DIV 14) and were maintained with
a low amount of doxycycline until DIV 21. These were compared
to untreated control lines (see STAR Methods and Figure S5A).
Neuronal reprogramming was confirmed by staining for MAP2
and TUBB3%** (Figure S5B).

In the untreated condition, SNCA mRNA levels were three
times higher in PD neurons than in their sex-matched controls,
while PUM1 mRNA levels in these PD neurons were 50% lower
(Figure 5A). Treating with doxycycline (Tet-On PUM1) reduced
SNCA mRNA in controls by roughly 50% but normalized SNCA
mRNA levels in both male and female patient iNs (Figure 5A).
We then quantified immunofluorescence intensity to gauge
a-Syn levels. Untreated PD iNs overall had elevated a-Syn levels,
but transduction with PUM1 reduced o-Syn levels to those
observed in sex-matched controls (Figure 5B). We were
intrigued by the fact that in healthy controls, the doxycycline
treatment did not reduce protein levels (and reduced mRNA by
only 50%, whereas in PD iNs mRNA was reduced 60%-67%).
We hypothesized that the explanation could involve a change
in how much of the pool of SNCA mRNA consists of the long
3’ UTR isoform. The long isoform, having two PREs, will be
most responsive to changes in PUM1 concentrations, while
shorter isoforms with only one PRE will have a modest response,
and those lacking PREs entirely will not be affected by PUM1 at
all. If the PD cells have proportionally more of the long SNCA iso-
form, they will be more susceptible to regulation by PUM1.

In healthy controls, the ratio of SNCA with along 3’ UTR to the
total SNCA mRNA is just under 1:1, but in sporadic PD the ratio
favors the long isoform.’* We were curious as to whether the
same is true in the case of SNCA locus triplication, so we as-
sessed the relative abundance of these isoforms in our PD iNs
using primers that either bind to a distal sequence, bind to cap-
ture the long isoform (“long SNCA”), or bind to a sequence just
beyond the last exon, which will capture all but the very shortest
SNCA mRNA (“total SNCA”) (Figure S5C; see STAR Methods). In
PD iNs from both males and females, all mRNA isoforms were
upregulated, with long SNCA showing a greater increase after
normalization to GAPDH than the total SNCA (Figure S5C); doxy-
cycline treatment (Tet-On PUM1) reduced SNCA mRNA overall
but exerted a greater effect on the long isoform, which contains
two PREs rather than one (Figure 1E; quantification provided in
the legend). PUM1 does not alter the choice of polyadenylation
site, i.e., how much of the long isoform is generated relative to
the total SNCA mRNA (Figure S5D). These data confirm that
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the long isoform is somehow favored in PD—to an even greater
extent in genetic PD than in sporadic disease’'*—but that aug-
menting PUM1 can restore normal SNCA and a-Syn levels.

PUM1 and SNCA mRNA levels anti-correlate in specific
cell types within the human SNpc

The loss of dopaminergic neurons in the SNpc is a defining path-
ological feature of both genetic and sporadic forms of PD. To
investigate the relationship between SNCA and PUM1 expres-
sion in the human SNpc, we analyzed a recent single-nucleus
RNA sequencing (snRNA-seq) dataset of dopaminergic neurons
obtained from postmortem patients and healthy controls.*®
To address the technical challenges of dropout events
and zero inflation in snRNA-seq data, we employed a meta-cell
approach,*® which groups closely related cells into composite
entities by averaging their raw count matrices. This was followed
by permutation testing to establish an empirical null distribution
for the correlation of expression levels between genes of interest
(see STAR Methods).

Our analysis revealed a significant inverse correlation
between PUM1 and SNCA expression (Figures 6A and S6A).
SNCA showed no such relationship with the pan-dopaminergic
marker control SLC18A2, which encodes the vesicular trans-
porter VMAT2 (Figure 6B and S6B). We found a weaker but
still significant anti-correlation between PUMZ2 and SNCA
(rho = —0.093 vs. —0.265 for PUM1) (Figures 6C and S6C).
The combined correlation (PUM1 + PUM2, rho = —0.236)
confirms the dominant effect of PUM1 in this inverse relation-
ship with SNCA in SNpc neurons (Figures 6D and S6D).

Given that the SNpc contains several subpopulations of dopa-
minergic cells,*® each expressing different markers, we analyzed
the expression pattern of PUM1, PUM2, and SNCA by cell type.
PUM1 and SNCA expression appeared inversely correlated in
most cell types, while PUM2 and SLC18A2 (used here as control)
largely did not (Figure 6E). The SOX6_AGTRT1 cluster, which
suffers the greatest loss of cells in patients with PD or Lewy
body dementia,®® had both the lowest levels of PUM1 and the
highest levels of SNCA as well as AGTR1, as would be expected
(Figure 6F). In contrast, PUM1 was upregulated and SNCA
downregulated in the CALB1_TRHR subtype, which is enriched
in the dorsal tier of the SNpc and is less vulnerable in PD*®
(Figure 6E).

SNCA repression by miR-7 requires PUM1

PUM1 interacts with the miRNA machinery through AGO2, which
plays a key catalytic role in mRNA degradation as part of
the RNA-induced silencing complex (RISC).?” To investigate
whether AGO2 and miRNAs play a role in PUM1-driven SNCA
repression, we treated WT HEK293T cells with small interfering
RNA (siRNA) against PUM1 or overexpressed PUM1, followed
by siRNA against AGO2 (Figures S7A-S7D). As expected,
PUM1 overexpression decreased a-Syn levels, while AGO2

neuron-specific marker for internal quantification. DAPI staining (blue) was used as an internal control to label the nuclei, while staining for PUM1 (green) and
a-Syn (red) was used to quantify their levels in PD reprogrammed neurons compared to their respective isogenic healthy controls with two SNCA alleles.
Data represent the mean + SEM from three technical and biological replicates (indicated here as single dots). Statistical significance was calculated using

Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S5.
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Figure 6. PUM1 and SNCA are anti-corre-
lated in human dopaminergic neurons in
the substantia nigra pars compacta

(A-D) Locally estimated scatterplot smoothing
(LOESS) plot of (A) PUM1 against SNCA, (B)
SLC18A2 (used here as comparator) against
SNCA, (C) PUM2 against SNCA, and (D) PUM1 +
PUMZ2 against SNCA from single-nucleus RNA-
seq of human samples shows a significant anti-
correlation.

(E) Dotplot showing PUM1, PUM2, SNCA, and
SLC18A2 mRNA.

(F) Summary of the Spearman rho correlation of
PUMT1, PUM2, SLC18A2, and AGTR1, against

SLC18A2 expression rank

500 750 SNCA mRNA in the SNpc (used here as positive
control). Statistical significance was calculated
using a permutation test: *p < 0.05, and **p < 0.01.
See also Figure S6.

Observed Spearman’s rho: -0.236,

by the presence of PUM1. Overexpres-
sion of miR-7 or PUM1 alone in WT
HEK293T cells reduced SNCA mRNA
and a-Syn protein levels (Figures 7A and
S7E). The combined overexpression of
miR-7 and PUM1 led to a greater reduc-
tion in a-Syn than either PUM1 or miR-7
alone (Figures 7A and S7E). Interestingly,
miR-7 overexpression was able to limit

PUM1, PUM2 expression rank

500 750 the degree of a-Syn increase caused by
PUM1 knockdown (Figures 7B and
S7F). To determine whether PUM1 and
miR-7 function independently or in con-
cert, we quantified SNCA mRNA levels
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PD databases contain subjects
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silencing increased them (Figure S7A). PUM1 overexpression
with silenced AGO2 restored a-Syn levels to WT (Figure S7A).
Furthermore, silencing both PUM1 and AGO2 led to a greater
fold-change increase in a-Syn than the loss of either alone
(Figure S7B). The same effect was observed at the mRNA level
(Figures S7C and S7D), suggesting that PUM1 and AGO2 co-
regulate SNCA mRNA.

Among the several miRNAs that have been predicted to
regulate SNCA, only miR-7 has been shown to play a role in
PD,”?'" although the precise mechanisms are unclear. We
therefore tested whether miR-7 regulation could be influenced
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might contribute to some cases of spo-

radic PD by preventing PUM1 from regu-

lating SNCA. Unfortunately, because the
exome and genome dataset we were able to work with was de-
limited for coding regions only, we were not able to assess the 3’
UTR. As a proxy, then, to find out whether loss of PUM1 regula-
tion might contribute to PD, we searched clinical databases for
PUM1 variants (see STAR Methods). We extracted PUM1 coding
variants from 3,484 exomes or genomes of patients with PD and
filtered for variants that are absent or very rare in control data-
bases (Table S3). There were 26 subjects bearing 25 different
PUM1 variants, and of these, five variants did not appear at all
in the non-PD controls (Table S3). Given that PD is a late-onset
disease, it remains possible that some of the healthy control
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Figure 7. miR-7 requires PUM1 to regulate
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patients will develop a neurodegenerative condition in the future
(either PD or the late-onset ataxia caused by certain PUM1
variants).

We selected two of the 25 variants, one that was unique to the
PD cohort (p.P1021L) and another that was also found in two
subjects in gnomAD (p.P760L), and cloned and tested them in
HEK293T cells. Both WT PUM1 and variant p.P760L, which
affects a disordered region of the protein, reduced SNCA
mRNA, but p.P1021L, which alters PUM1’s RNA-binding
domain, was unable to suppress SNCA mRNA (Figures 7D and
7E). It is therefore possible that variation in PUM1 or in the
SNCA 3’ UTR that alters PUM1 target binding contributes to
some cases of sporadic PD.

DISCUSSION

The heritability of PD has been considered relatively low (~15%)
compared to that of other neurodegenerative diseases (e.qg., Alz-
heimer’s may be 58%-79% heritable),®” despite over 20 genes
having been associated with monogenic forms of PD and there
being over 90 risk loci. The current study, however, adds to a
growing body of literature'>*®~*° indicating that variants in the
3’ UTR of SNCA contribute to the development of PD. Unfortu-
nately, the genome analyses most frequently used in patients
(exome sequencing and copy-number variation) overlook non-
coding regions of genes.

There remains much to be understood about a-Syn regulation,
which is enormously complex, and its differential accumulation
in various synucleinopathies. For example, it remains unclear
why a-Syn accumulates in dopaminergic neurons in the substan-
tia nigra in PD but in oligodendrocytes in MSA and in cortical or
hippocampal tissues in Lewy body dementia.*’*? In this study,
certain neuronal subtypes within the mouse SNpc exhibited
varying degrees of inverse correlation between PUM1 and
SNCA. This indicates that PUM1 regulation of SNCA is influ-
enced by cell-specific factors that have yet to be discovered.
Our data showing that PUM2 is not expressed in the SNpc indi-
cate that part of the answer is differential expression of RBPs
and other regulatory factors in different regions or cell types.
These results also point to the critical importance of examining
regulatory relationships in vivo.

Interestingly, our microfluidic chamber experiments with
cultured rat neurons suggested that Pum1 influences the
compartment-specific localization of Snca mRNA in a manner
reminiscent of its homolog Pum2.? This spatial regulation is
particularly significant in neurons, which are exquisitely sensitive
to changes in compartment-specific gene expression—a factor
increasingly linked to neurodegenerative processes.*® More-
over, since RNA stability can be affected by subcellular localiza-
tion,** Pum1-mediated positioning of Snca mRNA could further
influence its regulation and accumulation. For example, iPSC-
derived midbrain dopaminergic neurons taken from patients
bearing SNCA duplications show greater translocation of
SNCA from the soma to neurites, along with compromised neu-
rite integrity.”>*® Too much axonal SNCA translation could
trigger aggregation or exocytic propagation.

Our data suggest that future studies should focus on region-
and cell-specific differences in the 3' UTR of SNCA and other
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PD-associated genes, where mutations in RBP or miRNA
regulatory elements would remove an important mechanism
for regulating a-Syn. In this context, it is worth noting that a
study on cerebral amyloid angiopathy found that a 2-nt deletion
in the 3’ UTR of APP, one of the genes we found to be regulated
by PUM1, leads to overexpression of amyloid precursor pro-
tein*” —and we notice that this deletion alters a PRE. Whether
loss of PUM1 regulation is the sole or main cause of APP accu-
mulation in these patients warrants further study. The fact that
at least some individuals with PD carry PUM1 variants supports
the notion that disruptions in the post-transcriptional regulation
of SNCA and other PD-related genes could help explain at least
a portion of PD cases that currently appear idiopathic.

Consideration should also be given to additional endogenous
and exogenous factors that have been associated with altered
risk of PD. For example, Rhinn et al. found that dopamine in-
creases the usage of the SNCA long 3’ UTR, which is associ-
ated with a-Syn accumulation and PD pathology.' The same
study showed that environmental risk factors for PD, such as
rotenone, similarly increase the proportion of longer SNCA 3’
UTR isoforms, whereas protective exposures like nicotine
reduce it."* Our current finding that the long isoform forms a
greater proportion of the total SNCA mRNA pool in iNs from
patients with PD compared to healthy controls, which under-
scores the importance of understanding what determines this
rise in the longer isoform and why it is problematic. Further-
more, given that we and others observed that upregulation of
a-Syn co-occurs with downregulation of miR-7%"" and PUM1
(the current study), it is worth asking whether there could be
bidirectional influence between a-Syn and its repressors. It
may be, for instance, that a-Syn upregulation begins as a
compensatory response that then leads to downstream
pathology. Much further study is needed but, altogether, these
provocative results emphasize the necessity of unraveling the
complex regulatory mechanisms that govern a-Syn expression
in vivo in specific contexts.

Limitations of the study

Our study does not attempt to find other RBPs that regulate
SNCA, either in coordination with or independently of PUM1.
Similarly, other miRNAs, including those previously implicated
in SNCA mRNA regulation and binding,”*® likely coordinate
with PUM1 or other RNA-binding proteins. While we have iden-
tified PD cases involving de novo mutations in the RNA-binding
domain of PUM1, analysis of the SNCA 3’ UTR sequence and
length in patients with PD remains limited.
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Antibodies

Mouse neuron-specific beta-Ill Tubulin antibody

Rabbit anti-Pumilio 1 antibody

Anti-Synuclein, alpha

Goat anti-Pumilio 1, Affinity Purified

Rabbit Anti-Argonaute 2 Monoclonal

Recombinant Anti-Alpha-synuclein

Mouse Anti-Rabbit GADPH Monoclonal

alpha Tubulin

Ataxin 1 - 11750

Rabbit control IgG (Purified Rabbit 1gG)

Mouse neuron-specific anti-beta-Ill Tubulin

R and D Systems

Abcam

Millipore

Bethyl

Cell Signaling Technology
Abcam

Millipore

Abcam

Huda Zoghbi Lab; Baylor
College of Medicine

Bethyl

Abcam

Cat# MAB1195
RRID: AB_357520
Cat# ab92545
RRID:AB_10563695
Cat# AB5038
RRID:AB_91648
Cat# A300-201A
RRID:AB_2253218
Cat# 2897
RRID:AB_2096291
Cat# ab212184
RRID:AB_2941889
Cat# CB1001
RRID:AB_2107426
Cat# ab24246
RRID:AB_447954
Cat# ATXN1-11750
RRID:AB_2721278
Cat# P120-201
RRID:AB_479830
Cat# ab7751
RRID:AB_306045

Chemicals, peptides, and recombinant proteins

Dulbecco’s Modified Eagle Medium (DMEM)
Fetal Bovine Serum

Matrigel in StemFlex Medium
mTeSR™Plus

DMEM-F12

Neurobasal-A

MEM Non-Essential Amino Acids Solution (100X)
Penicillin-Streptomycin
B-mercaptoethanol

Doxycycline

Glutamax

N2

B27 without Vitamin A

Geltrex

Brain Derived Neurotrophic Factor
Adenosine-3',5'-cyclic monophosphate
L-Ascorbic Acid

Glial-Derived Neurotrophic Factor

B27 without Vitamin A

jetPRIME Transfection Reagent

PBS

Triton X-100
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Thermo Fisher Scientific

Thermo Fisher Scientific
StemCell Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Millipore Sigma

Thermo Fisher Scientific
Millipore Sigma

Thermo Fisher Scientific
Thermo Fisher Scientific
Gibco

Thermo Fisher Scientific
Gibco

Millipore Sigma
Millipore Sigma
Peprotech

Gibco

Genesee

Fisher Scientific

N/A

N/A

Cat# A3349401
Cat# 100-1130
Cat# 12634010
Cat# 10-888-022
Cat# 11140050
Cat# P4333

Cat# 31350010
Cat# D9891-5G
Cat# 35050-061
Cat# 17502-048
Cat# 12587-010
Cat# A1413202
Cat# 450-02-50UG
Cat# 28745-100MG
Cat# A92902-25G
Cat# 450-10-50
Cat# 12587-010
Cat# 55-133

N/A

Cat# BP151500
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Paraformaldehyde (PFA) Fisher Scientific Cat# F75P1GAL
Paraformaldehyde (PFA) for RNAscope Fisher Scientific Cat# AAJ19943K2
Donkey serum Millipore Sigma Cat# D9663-10ML
Platinum Taq DNA Polymerase High Fidelity Invitrogen N/A

pcDNAS.1(+) Invitrogen N/A

iScript Reverse Transcription Supermix Bio-Rad Laboratories Cat# 1708841BUN
PowerUp SYBR Green Master Mix Applied Biosystem (Thermofisher) Cat# A25778
Tris-HCI Boston BioProducts Cat#BM-324

NaCl Fisher Scientific Cat# BP358-10
NP-40 Thermofisher Cat# 85214
Sodium deoxycholate Fisher Scientific Cat# AAJB228822
Hydrogen peroxide Advanced Cell Diagnostics Cat# 323110
Target retrieval reagent Advanced Cell Diagnostics Cat# 322000
Protease digestion, Protease Il Advanced Cell Diagnostics Cat# 322337

Opal 520 for Snca

Opal 570 for Th

TSA buffer

RNAscope washing buffer

Fluoro-Gel Il with DAPI

SDS (20% SDM Dodecy! Sulfate (SDS))

Protease inhibitor cocktail (Xpert Protease Inhibitor
Cocktail Solution(100X))

Phosphatase inhibitor cocktail (Xpert Phosphatase
Inhibitor Cocktail Solution(100X))

Lipofectamine 2000 (Invitrogen™ Lipofectamine™
LTX Reagent with PLUS™ Reagent)

Lipofectamine 3000 Transfection Reagent
Dual Luciferase Reporter Assay System

RNase OUT (Invitrogen™ RNaseOUT™
Recombinant Ribonuclease Inhibitor)

Akoya Biosciences

Akoya Biosciences

Advanced Cell Diagnostics
Advanced Cell Diagnostics
Electron Microscopy Sciences
Fisher Scientific

GenDEPOT

GenDEPOT

Fisher Scientific

Fisher Scientific
Promega
Invitrogen (Fisher Scientific)

Cat# OP-001001
Cat# OP-001003
Cat# 322810
Cat# 310091
Cat# 1798551
Cat# BP13111
Cat# P3100-020

Cat# P3200-020

Cat# 15-338-100

Cat# L3000015
N/A
Cat# 10777019

Sepharose™ Protein A Rockland Cat# PA50-00-0002
yeast tRNA Invitrogen (Fisher Scientific) Cat# AM7119
qPCR Lentivirus Titer Kit Applied Biological Materials Cat# LV900
RNase-free DNase (RNase-Free DNase Set (50)) Roche (Qiagen) Cat# 79254
Proteinase K Roche (Fisher Scientific) Cat# BP1700 500
Lenti-X™ Concentrator Takara Bio Cat# 631232
Penicillin-Streptomycin Millipore Sigma Cat# P4333
Critical commercial assays

miRNeasy kit Qiagen Cat# 217004
Pierce BCA Protein Assay Kit Fisher Scientific Cat# PI23225
RNAscope Multiplex Fluorescent Detection Kit v2 Advanced Cell Diagnostics Cat# 323110
4-12% NuPage Bis-Tris Gel Invitrogen (Fisher Scientific) Cat# NP0335BOX
QuikChange XL Site-Directed Mutagenesis kit Stratagene (Agilent) Cat# 200521

(QuikChange Il XL Site-Directed Mutagenesis Kit)
Coated glass slides

Probe On Plus Fisher Brand,
Fisher Scientific

Cat# 22-037-246

Deposited data

Raw Data

Mendeley

Link: https://data.mendeley.com/
datasets/4km8t9w7jy/1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Cell lines

HEK293T This paper This paper

HCT116 WT Joshua Mendell Lab Joshua Mendell Lab

HCT116 Pum1-KO
SNCA triplication fibroblasts
Control fibroblasts

Joshua Mendell Lab
Vikram Khurana Lab
Vikram Khurana Lab

Joshua Mendell Lab
Vikram Khurana Lab

Vikram Khurana Lab

Lenti-X™ 293T cell Line Takara Bio Cat# 632180
Experimental models: Organisms/strains
Pum1 C57BL/6J Haifan Lin Lab This paper

Oligonucleotides

Silencer Pre-designed siRNA for PUM1

Silencer Pre-designed siRNA for EIF2C2 (AGO2)

Silencer Select Negative Control No. 2
miRIDIAN miRNA has-miR-7 mimic

miRIDIAN miRNA cel-miR-67 mimic negative
control #1

cDNA of PUMT (4635nt)
cDNA of PUM2 (3195nt)

Tagman gene expression assay Pum1 (Assay ID:
Rn00569821_m1

Tagman gene expression assay Snca (Assay ID:
Rn00569821_m1

Tagman gene expression assay Rpl13 (Assay ID:
Rn00821258_g1

Tagman probes gene expression assays Pum1
(Assay ID: Rn01180594_m1)

Tagman probes gene expression assays Snca
(Assay ID: Rn01425140_m1)

Tagman probes gene expression assays Rps19
(Assay ID: Rn01458091_g1)

Tyrosine hydroxylase (TH) RNAscope probe

Applied Biosystem

Applied Biosystem

Thermo Fisher Scientific
Dharmacon

Dharmacon

This paper

This paper

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Advanced Cell Diagnostics

Assay ID s18681
Cat# 4392420

Assay ID s25930
Cat# 4392420

Cati# 4390847
C-300518-07-005
CN-001000-01-50

This paper

This paper

Cat# 4351372
Cat# 4331182
Cat# 4331182
Cat# 4331182
Cat# 4331182

Cat# 4331182

Cat# 317621-C2

SNCA RNAscope probe Advanced Cell Diagnostics Cat# 313281
See Table S4 for Primer sequences This paper This paper
Recombinant DNA

Tet-On PUM1 This paper This paper
psiCHECK-2 vector This paper This paper
pZIP-hUbC-eGFP-shControl (shCtrl) Hengst Lab Hengst Lab
pZIP-hUbC-eGFP-shPum1 (shPum1) Hengst Lab Hengst Lab
FUGW-hUbC-Pum1 (Pum1 OE) Hengst Lab Hengst Lab
pRP[Exp]-EGFP-EF1A>[myc-Pum1(P1021L)] This paper This paper
pRP[Exp]-EGFP-EF1A>[myc-Pum1(P760L)] This paper This paper
pRP[Exp]-EGFP-EF1A>[myc-Pum1(WT)] This paper This paper

pCMV ARS.9

David Baltimore Lab

David Baltimore Lab

pHCMV VSVg David Baltimore Lab David Baltimore Lab
FUGW David Baltimore Lab David Baltimore Lab
Software and algorithms

GIMP version 2.10.38 version 2.10.38

Seurat package
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REAGENT or RESOURCE SOURCE IDENTIFIER

R https://www.r-project.org/ version 4.3.1
hdWGCNA package https://smorabit.github.io/hdWGCNA/ version 0.3.03
GraphPad Prism 10 Version 10.2.1 Version 10.2.1
Microsoft Excel for Mac N/A N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

RNA-cross linking immunoprecipitation (CLIP)

Brains from wild-type and Pum1 knockout mice were extracted and processed for CLIP following the protocol previously
described.'® In brief, brain tissue was triturated in 8 mL of ice-cold HBSS until cell dissociation was homogeneous. The resulting sus-
pension was transferred to a 10 cm sterile tissue culture plate and exposed to 150 mJ/cm? UVC (Stratagene, UV Stratalinker 2400) on
ice. After this initial exposure, the suspension was gently swirled and exposed again to UVC at 100 mJ/cm?. Cells were then pelleted
for individual immunoprecipitation (IP) steps. Cell lysis was performed using a lysis buffer composed of 50 mM Tris-HCI (pH 7.4),
100 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 80 U/mL RNase OUT (Invitrogen), and protease inhibitors
(GenDEPOT). The soluble fractions were pre-cleared with Protein A-Sepharose beads, rabbit control IgG (Sigma), 0.05% BSA,
and 0.2 pg/mL yeast tRNA (Invitrogen). For immunoprecipitation, the lysates were incubated overnight at 4°C with 5 pg of either con-
trol IgG or Pum1 antibody (Bethyl Laboratories) together with Protein A-Sepharose beads on a rotating platform. The next day, the
beads were washed five times with lysis buffer, followed by a 15-min treatment with 20 units of RNase-free DNase (Roche) at room
temperature. Subsequently, the beads were treated with 50 pg of proteinase K (Roche) for 30 min at 37°C. The immunoprecipitated
RNA was then extracted using the miRNeasy kit (Qiagen). RT-PCR was performed using two pairs of primers (region 1 and 2 in
Figure S1D) specific for Snca cDNA regions upstream of the predicted PRE (see Table S4). A fraction (10%) of the pre-cleared lysate
was used as the input control for RNA isolation.

In situ hybridization and analysis
Painted ISH was conducted following the method outlined by Gennarino et al.’® In short, mice were anesthetized with isoflurane, and
their brains were rapidly removed, immersed in OCT compound, and immediately flash-frozen by submerging the tissue molds in
liquid nitrogen. Sagittal brain sections, 25 micrometers thick, were cut and mounted onto electrostatically coated glass slides (Probe
On Plus Fisher Brand, Fisher Scientific). The sections were probed with Pum1 and Snca mRNA probes using an automated in situ
hybridization (ISH) protocol as previously described.*® The probes were generated from reverse-transcribed mouse cDNA, amplified
by Platinum Tag DNA Polymerase High Fidelity (Invitrogen) (see Table S4 for details). Three sagittal sections from three different mice
per genotype were examined for each gene. Tissue preparation and the automated ISH process followed the protocols as previously
described.*%*°

The number of pixels in each channel—yellow, blue, and red—was counted using the free, open-source image editor GIMP,
version 2.10.38 (https://www.gimp.org/). For whole-brain analysis, pixel counts were combined from two biological replicates,
totaling 28 sagittal slices (covering the entire brain) for each genotype (1 male and 1 female) per gene, Pum1 and Snca. For specific
brain regions, the median sections—chosen to clearly display the entire brain region—were analyzed, totaling 8 sagittal sections for
each genotype and gene. The analysis was performed in a blinded fashion without prior knowledge of the gene being analyzed. The
total pixel counts were normalized against wild-type mice for statistical analysis (see Figures 3A, S2, S3C, and S4 legends).

RNAscope

To quantify Snca mRNA levels in individual neurons within the substantia nigra pars compacta (SNpc) of Pum1-Het, -KO, and wild-
type (WT) mice (3 weeks old, n = 3 per genotype), fluorescence in situ hybridization (FISH) was performed using the RNAscope Multi-
plex Fluorescent Detection Kit v2 (Advanced Cell Diagnostics) according to the manufacturer’s instructions. Dopaminergic neurons
in the SNpc were identified using the tyrosine hydroxylase (Th) RNAscope probe (Advanced Cell Diagnostics, #317621-C2), and Snca
mRNA transcripts were detected using the Snca RNAscope probe (Advanced Cell Diagnostics, #313281). Mice were perfused with
4% paraformaldehyde (PFA; Fisher Scientific, #AAJ19943K2) in PBS, and brains were post-fixed overnight in 4% PFA at 4°C. Cor-
onal sections (100 pm thick) were cut using a vibratome (Leica VT1000s) from bregma —2.5 to —3.5 mm. After washing in PBS, sec-
tions were post-fixed in 4% PFA for 1 h, followed by treatment with hydrogen peroxide (Advanced Cell Diagnostics), target retrieval
reagent (Advanced Cell Diagnostics), and protease digestion (Protease lll, Advanced Cell Diagnostics). Snca and Th RNAscope
probes were hybridized for 2 h. Signal amplification was performed using HRP, followed by fluorescent labeling with Opal 520 (Akoya
Biosciences, #OP-001001) for Snca and Opal 570 (Akoya Biosciences, #OP-001003) for Th. Fluorescent dyes were diluted 1:1000 in
TSA buffer (Advanced Cell Diagnostics). Between steps, sections were washed with RNAscope washing buffer (Advanced Cell Di-
agnostics) as instructed. Brain sections were mounted using Fluoro-Gel Il with DAPI (Electron Microscopy Sciences, #1798551). Im-
ages were acquired using a Zeiss LSM 810 confocal microscope: whole-brain images were captured using a 10x objective with tile
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scanning, and high-resolution images of individual SNpc neurons were captured with a 40x objective and z stack acquisition. z stack
images were deconvolved using IMARIS 10 (Oxford Instruments) to improve clarity. The Extended Depth of Field (EDF) plugin
(Biomedical Imaging Group) in ImageJ (FIJI) was used to merge Z-stacks into a single in-focus image. For Snca mRNA quantification,
Th-positive, non-overlapping neurons in the SNpc were selected, and fluorescent particles within their somata were counted. Re-
gions of interest (ROIs) were manually drawn in Imaged (FIJI). Background noise was reduced using thresholding, and overlapping
signals were separated via watershed segmentation. The “Analyze Particles” tool in Imaged was then used to count individual Snca
mRNA molecules (each fluorescent particle representing one transcript).

Lentivirus preparation and neuronal transduction

Lenti-X 293T cells (Takara Bio, San Jose, CA) were transfected at 90-99% confluency with 7.5ug lentiviral expression plasmid,
5.25ug packaging plasmid (pCMV AR8.9), and 2.25ug envelope plasmid (pHCMV VSVg) in a 10-cm plate using the Lipofectamine
3000 kit (Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. pCMV AR8.9, pHCMV VSVg, and
FUGW plasmids were generous gifts from David Baltimore. 14-16 h post-transfection, plates were briefly washed with 6mL pre-
warmed medium (10% fetal bovine serum, 2mM GlutaMAX, 100U~ penicillin-streptomycin in DMEM with high glucose/pyruvate
and no glutamine; Thermo Fisher Scientific, Waltham, MA) and then replaced with 6mL of fresh pre-warmed medium. 30-36 h after
changing the medium, the viral supernatant was collected, centrifuged at 500xg for 10 min at room temperature, and then filtered
through a 0.45um polyethersulfone (PES) syringe filter (Thermo Fisher Scientific, Waltham, MA). Lentiviruses were concentrated us-
ing the Lenti-X Concentrator reagent (Takara Bio, San Jose, CA) following manufacturer’s instructions. Concentrated lentiviruses
were subsequently aliquoted into tubes and stored at —80°C until use. Viral titers were calculated using the gPCR Lentivius Titer
Kit (Applied Biological Materials, Richmond, Canada) according to the manufacturer’s instructions. On DIV1, primary cortical neurons
were transduced at an MOI of 10 for shRNA knockdown or an MOI of 5 for Pum1 overexpression. Knockdown and overexpression
were verified by Western blot for each virus batch.

Single nuclei RNA sequencing from patients

Data preprocessing and metacell construction

Single-cell RNA sequencing data from human dopaminergic neurons were acquired from Kamath et al. (GEO accession no.
GSE178265)*° and analyzed using the Seurat package (version 5.0.1) in R (version 4.3.1).°" Data normalization was performed
using the Normalize Data Seurat function with default parameters on the RNA assay. Variable features were identified using
FindVariableFeatures, and data scaling was conducted with ScaleData. Principal component analysis (PCA) was performed using
RunPCA with 20 principal components to reduce dimensionality. To reduce technical noise and sparsity in single-nuclei RNAseq
data, metacells were constructed using the hdWGCNA package (version 0.3.03).°° The dataset was prepared for weighted gene
co-expression network analysis (WGCNA) using the SetupForWGCNA function, selecting genes expressed in at least 5% of cells
(fraction = 0.05). Cell type annotations were assigned according to the clusters defined in the original source paper, and metacells
were generated using MetacellsByGroups with parameters k = 25, max_shared =5, mode = “average”, and target_metacells = 1000.
The resulting metacell object underwent normalization, variable feature identification, scaling, and PCA as described above using
default parameters.

Correlation analysis and permutation testing

The normalized and scaled expression levels of two genes of interest were extracted from each metacell and analyzed for correlation
by calculating Spearman’s rank coefficient, a non-parametric test given the unknown normality of any given gene’s distribution. To
assess the statistical significance of the observed correlation, a permutation test was conducted. The permutation test assesses the
likelihood of observing the calculated correlation coefficient under the null hypothesis of no association, providing a non-parametric
method to evaluate statistical significance without relying on distributional assumptions. The raw count data for one gene was
randomly shuffled across cells without replacement. For each permutation, the shuffled counts were substituted back into the data-
set, and the entire preprocessing and metacell construction pipeline and normalization was repeated using identical parameters. The
correlation between our genes of interest was then recalculated for each permuted dataset using the same methods as above. A total
of 100 permutations were performed for each comparison to create an empirical null distribution for our correlation statistic. The
p-value was determined based on the rate of permutations with correlations at or more extreme than the original observed correlation
(two-tailed). It is worth noting that a minor inherent correlation appears to be present when creating the empirical null distribution for
any two genes, likely due to the normalization and scaling steps prior to the correlation calculations. Thus, the baseline null correlation
used for calculating the number of extreme observations in any given distribution is centered around the empirically derived mean
from permutation testing, rather than zero.

Search of clinical databases for individuals with PD carrying PUM1 variants

We extracted all PUM1 coding variants from the exomes and genomes of patients with PD (n = 3,484; 739 from Columbia and 2745
from AMP-PD). We filtered variants for those that are absent or very rare in control databases (e.g., gnomAD v.4.1, Columbia in-house
databases, AMP-PD controls genomes). We used splice Al (https://spliceailookup.broadinstitute.org/) in May 2025 to extract predic-
tors of protein functional disruptions and a combination of frequency in PD and rarity in controls, though we acknowledge that protein
pathogenicity algorithms often do not agree with each other.*”
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Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee at Columbia University, New York, under
protocol AC-AAAU8490. Mice were kept on a 12-h light/dark cycle with regular chow and water available ad libitum. Pum1 knockout
mice were generated as previously described.>® An equal number of males and females were used in all assays described in this
manuscript. For brain dissection, mice were anesthetized with isoflurane, and the brains were rapidly removed from the skull and
lysed in the appropriate buffer according to the experimental requirements.

METHOD DETAILS

Cell culture
We grew human HEK293T, HCT116, and SH-SY5Y cells in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen) fortified with
10% heat-inactivated Fetal Bovine Serum and treated with 1% penicillin/streptomycin. Cells were continually incubated at 37°C
in a humidified chamber circulating 5% CO,. Both patient-derived iPSCs and their respective isogenic controls were obtained
from Vikram Khurana under the IRB protocol.®%*" SNCA triplication fibroblasts obtained from a female lowa kindred patient (age
55), amale lowa kindred patient (age 48) was previously described.*%">*55 Detailed protocols for iPSC generation and maintenance
were also detailed previously.®**" Briefly, fibroblasts were reprogrammed to iPSC via mRNA-based methods. iPSCs were
maintained on Matrigel in StemFlex Medium (Thermo Fisher Scientific). Isogenic SNCA knock-down controls were generated via
CRISPR-Cas9 mediated gene editing. Levels of a-Syn were assessed across the isogenic series (4-copy, 2-copy) by western blot.
Human Tet-On NGN2 iPSCs were generated with all-in-one PiggyBac plasmid®®®' to ensure robust and efficient neuronal
differentiation and were maintained in feeder-free conditions in a mTeSRPlus (StemCell Technologies) medium supplemented
with 1% Penicillin-Streptomycin (Millipore Sigma). Cells were grown and maintained in 6-well culture plates coated with Geltrex
(Thermo Fisher Scientific). On DIVO 50.000 iPSCs/cm2 were seeded in mTeSR with Y27632 100 uM. The following day (DIV1),
KSR medium was added (DMEM-F12 with 15% KSR, 1% of each: pen/strep; Non-Essential Amino Acids (NEAA, Thermo Fisher
Scientific) with p-mercaptoethanol (100 pM, Thermo Fisher Scientific) and L-Glutamate (2 nM, Thermo Fisher Scientific). The following
day (DIV 2) the KSR medium was supplemented with doxycycline (dox 2 mg/mL; Millipore Sigma) and gradually switched to N2/B27
Media (Neurobasal A medium (Thermo Fisher Scientific); N2 (Thermo Fisher Scientific); B27 without Vitamin A (Thermo Fisher
Scientific); pen/strep; NEAA, and L-Glutamine)) by DIV4. The medium was subsequently changed every 48 h. On DIV7, recombinant
human Brain Derived Neurotrophic Factor 10 ng/mL (BDNF, PeproTech); Glial-Derived Neurotrophic Factor 10 ng/mL (GDNF,
PeproTech); Adenosine-3',5'-cyclic monophosphate 250uM (dcAMP Peprotech) and Ascorbic Acid 200 pM (AA Merck), were added
to the base medium. The medium was subsequently changed every 48 h. Induced Neurons were Tet-On PUM1 infected (MOI3-5) on
DIV14.In 16 to 20 h after infection, fresh medium was added. On DIV 15 dox was reduced to 1 mg/mL and maintained until DIV21. All
cell lines used in this study were previously authenticated by short tandem repeat (STR) profiling and have been widely used and
validated in prior publications.?”*>":56 The cell lines were routinely tested and confirmed to be free of mycoplasma contamination.
See Figure S6A for schematic representation.

Cell transfection

For transfection, we used jetPRIME Transfection Reagent (Polyplus Transfection) according to the provided protocol. Cells
were transfected with 50 pmol of Silencer Pre-designed siRNA for PUM1 (Applied Biosystem). Silencer Pre-designed siRNA for
EIF2C2 (AGO2) (Applied Biosystem).'® Silencer Select Negative Control No. 2 (Thermo Fisher Scientific). In overexpression
experiments, the full cDNA of PUM1 (4635nt) and PUM?2 (3195nt) was amplified using Platinum Taqg DNA Polymerase High Fidelity
(Invitrogen) before being cloned into a mammalian expression vector, pcDNA3.1(+) (Invitrogen). Cells were transfected with
anywhere from 0.5ug to 2pg of either pcDNA3.1(+)-PUM1 or pcDNAS.1(+)-PUM2 or control pcDNAS.1(+). For miR-7 and Cel-miR-
67 experiments, 50 pmol of the miRIDIAN Dharmacon microRNA mimics were transfected. miRIDIAN miRNA has-miR-7 mimic
(Dharmacon). miRIDIAN miRNA cel-miR-67 mimic negative control #1 (Dharmacon).

For the patient variant assays, 70,000 cells were seeded into a 12-well plate and transfected at 60% confluency with one of three
constructs: pRP[Exp]-EGFP-EF1A>[myc-Pum1(WT)], pRP[Exp]-EGFP-EF1A>[myc-Pum1(P1019L)] or pRP[Exp]-EGFP-EF1A>[myc-
Pum1(P760L)]. After 48 h, cells were washed with PBS, then Trypsinized (1X), and collected before light centrifugation (500 RPM for
5 min at room temperature) for pelleting. The supernatant was removed, and the cell pellet collected for further processing.

Immunocytochemical assays

Immunocytochemical analyses were performed as described previously®”: iNs were fixed for 20 min at room temperature in 4%
paraformaldehyde in PBS, permeabilized for 30 min in PBS containing 0.1% Triton X-100 and 10% donkey serum and incubated
overnight at 4°C in PBS containing 10% normal donkey serum and primary antibodies. Then cells were washed three times with
PBS and incubated for 2 h at room temperature with secondary antibodies. iNs were stained against TUJ1 (R&D), PUM1 (Abcam),
and a-synuclein (Millipore). Images for quantification were selected randomly. To quantify the immunopositively area (expressed in
pixels) pictures in each coverslip/sample were taken and the area of interest was calculated using the ImagedJ software.
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RNA extraction and quantitative real-time PCR

For in vitro experiments, HEK293T, HCT116, and SH-SY5Y cells were seeded in six-well culture plates. After 48hrs post-transfection,
we collected cells and used the miRNeasy kit (Qiagen) to extract total RNA according to manufacturer instructions.*® Mice were
sacrificed by cervical dislocation after anesthetization with isoflurane in a bell jar. One hemisphere was used for RNA extraction, while
the other was used for protein extraction. Half-brains were placed in 1.4 mL of Qiazol Lysis Reagent and homogenized using syringe
trituration of progressively narrower gauges (18G, 23G, and 26G), then left at room temperature for 5 min. Next, 280uL of chloroform
was added to the mixture and vigorously shaken before being left at room temperature for 3 min. Homogenates were centrifugated
at 12,000g at 4°C for 15 min for phase separation; the upper phase was collected and subsequently purified using miRNeasy
kit (Qiagen) according to manufacturer instructions. Total RNA was quantified using NanoDrop 1000 (Thermo Fisher). 1ug of RNA
was used for cDNA synthesis using iScript Reverse Transcription Supermix per manufacturer instructions (Bio-Rad Laboratories).
Quantitative real-time polymerase chain reaction (PCR) experiments were performed using the CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad Laboratories) with PowerUp SYBR Green Master Mix (Applied Biosystem). All gPCR analyses were done using
the comparative Ct method by normalizing relative expression against the housekeeping gene GAPDH.

For rat neurons, primary rat cortical neurons were plated at a density of 750,000-800,000 cells/well in 6-well plates. Two wells were
plated per condition and were subsequently pooled during collection. On DIV1, neurons were transduced with shCtrl, shPum1, or
Pum1 OE lentiviruses at a MOI of 5-10 and maintained until DIV8. On DIV8, cells were washed once with ice-cold HBSS and then
lysed in 200 pL TRIzol Reagent per well (Thermo Fisher Scientific, Waltham, MA). Cells were immediately scraped with a cell scraper,
collected in microcentrifuge tubes, incubated on ice for 5 min, and then centrifuged at 12,000xg for 5min at 4°C. Supernatant was
transferred to a fresh microcentrifuge tube and mixed thoroughly with an equal volume of 100% ethanol. Total RNA was isolated
using the Direct-zol RNA MicroPrep kit (Zymo Research, Irvine, CA) with DNase | treatment following the manufacturer’s instructions.
RNA was eluted in 15 pL DNase/RNase free H,O and concentrations were obtained via NanoDrop. Samples were stored at —80°C
until use. gPCR was performed using the Luna Universal Probe One-Step RT-gqPCR kit (New England Biolabs, Ipswich, MA) accord-
ing to manufacturer’s instructions. 250ng of template RNA was used per well, and Tagman FAM probes were used for detection
(Thermo Fisher Scientific, Waltham, MA). gPCR was run on the QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific, Wal-
tham, MA), and therefore a 60s extension time was used per manufacturer’s instructions. Rp/13 was used here as housekeeping gene
for normalization.

For quantification, cycle threshold (CT) values were averaged across duplicates for each condition to obtain the CT mean. Signal
was normalized to the housekeeping gene by subtracting the CT mean obtained for the housekeeping gene from each target gene
(ACT). Then, AACT was obtained by subtracting the control ACT value from the ACT value for each sample. To obtain the relative fold
change of each gene, the formula 2724CT was used. Changes in expression level were calculated using standard deviation of the ACt,
or the AACt. One-sample t tests were performed for statistical analysis. See Table S4 for primers.

Protein extraction and western blot
HEK293T and HCT116 cells were seeded in six-well culture plates. After 48hrs post-transfection, we collected cells for lysis. Mice
were sacrificed as described for RNA extraction. One hemisphere was used for lysis and protein extraction. RIPA buffer 25mM
Tris-HCI, pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1x protease inhibitor cocktail (GenDEPOT) and
1x phosphatase inhibitor cocktail (GenDEPOT) was used for lysis of cells and tissue alike, with volumes of 100uL or 1 mL, respec-
tively. Cells were lysed using pipette trituration. Brain tissue was homogenized using syringe trituration of progressively narrower
gauges (18G, 23G, and 26G). After lysis, samples were placed on ice for 15 min and then centrifugated at 13,000g at 4°C for
20 min. The upper phase was collected and triturated with a tighter needle gauge (28G). Samples were again placed on ice for
15 min and then centrifugated at 13,000g at 4°C for 20 min. Protein quantification was done using the Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific) and NanoDrop 1000 (Thermo Fisher Scientific). Proteins were resolved by high resolution 4-12% Nu-
Page Bis-Tris Gel (Invitrogen) per manufacturer’s instructions. The following antibodies were used for all Western blots and were
commercially acquired or gifted by the Zoghbi lab at Baylor College of Medicine: goat anti-PUM1 (1:5000, Bethyl Laboratories); rabbit
anti-AGO2 (1:1000, Cell Signaling Technology); rabbit anti a-synuclein (1:1000, Abcam); anti-GAPDH (1:10000, Millipore); rabbit anti-
TUBA (1:10000); and rabbit anti-ATXN1 (1:2500).>°

For the rat neurons, primary rat cortical neurons were plated at a density of 275,000 cells/well in 12-well plates. Two wells were
plated per condition and were subsequently pooled during collection. On DIV1, neurons were transduced with shCtrl, shPum1, or
Pum1 OE lentiviruses at a MOI of 5-10 and maintained until DIV8. On DIV8, cells were washed once with ice-cold HBSS and then
lysed in 80 pL 2X Laemmli sample buffer (Bio-Rad, Hercules, CA) containing 100mM dithiothreitol (DTT) per well (Thermo Fisher
Scientific, Waltham, MA). Cells were scraped for 30s with a cell scraper and collected in chilled microcentrifuge tubes on ice.
Samples were incubated at 95°C for 5 min, briefly centrifuged, and then stored at —20°C until use. SDS-PAGE was performed
by loading 27 pL of samples into NUPAGE 4-12% bis-tris gels (Thermo Fisher Scientific, Waltham, MA). Gels were run in
NuPAGE MOPS SDS running buffer (Thermo Fisher Scientific, Waltham, MA) at 60-65V for 15 min, and then the voltage was
increased to 160-165V for approximately 1 h. Proteins were transferred to 0.45 pm nitrocellulose membranes for 90 min at
220mA in cold transfer buffer (25mM Tris, 192mM glycine, 20% methanol) using the Mini-PROTEAN Tetra Vertical Electrophoresis
system (Bio-Rad, Hercules, CA). After transfer, membranes were briefly stained with Ponceau S solution to visualize total protein
content, washed three times with TBS-T (0.1% Tween 20 in Tris-buffered saline) to completely remove the Ponceau S stain, and

22 Cell Reports 44, 116145, August 26, 2025



Cell Reports ¢ CellPress

OPEN ACCESS

then incubated for 1 h in blocking solution (2% bovine serum albumin in TBS-T) on a rocker at room temperature. Membranes
were incubated overnight with primary antibodies on a rocker at 4°C. The next day, membranes were washed three times
with TBS-T and then incubated for 1 h at room temperature on a rocker with HRP-conjugated secondary antibodies (Thermo Fisher
Scientific, Waltham, MA), which were diluted 1:10,000 in TBS-T. After secondary antibody incubation, membranes were washed
three times with TBS-T, and then subsequently developed using 1-Shot Digital ECL (Kindle Biosciences, Greenwich, CT) and
imaged using the KwikQuant Imager (Kindle Biosciences, Greenwich, CT). The following antibodies were used for all Western
blots: Rabbit anti-Pumilio1 (1:3000, Abcam); rabbit anti a-synuclein (1:1000, Abcam), and mouse anti-p-lll-tubulin (1:10,000,
Abcam).

For quantification, images were opened in Fiji as TIFFs, converted to 8-bit, and then inverted. The gel analyzer tool was used to
draw a rectangular ROl around each band of interest, and then the intensity of each ROl was measured. The intensity of each
band was determined by drawing a line across the bottom of each curve and then measuring the area under the curve. Intensity
values for each band of interest were normalized by dividing the intensity of the housekeeping protein signal in the corresponding
lane. Intensity values for each sample were then normalized to the control sample to obtain fold changes. One-sample t tests
were performed for statistical analysis.

Luciferase assay

The full-length 3" UTR of human SNCA mRNA was subcloned into psiCHECK-2 vector (Promega) by Xbal and Nhel restriction
enzymes. Mutagenesis to delete one or both PREs was performed using the QuikChange XL Site-Directed Mutagenesis kit
(Stratagene). HEK293T cells in 24-well plates were transfected with 30 ng of psiCHECK-2 construct plus: 50 pmol of siPUM1 or
control scramble-siRNA and 0.5 pg of pcDNAS.1(+)-PUMT1 or control pcDNA3.1(+) using Lipofectamine 2000 (Invitrogen). After 24
h, luciferase activity was measured using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s
instructions.

Microfluidic chamber assay

Bipartite microfluidic chambers with a set of 750 pm-long microgroove channels were designed and produced in-house as
previously described”® using established protocols.®®®' Rat primary hippocampal neurons were seeded in the somatic
compartment of the chambers and infected on DIVO with lentiviruses expressing shPum1 or shControl shRNA constructs
(transOMIC Technologies, Huntsville, AL) (shControl: tgctgttgacagtgagcgAAGGCAGAAGTATGCAAAGCATtagtgaagccacagatg
taATGCTTTGCATACTTCTGCCTGtgcctactgcctcgga, shPum1: tgctgttgacagtgagcgcGGGATTGATGCAGACGTCAAAtagtgaagcc
acagatgtaTTTGACGTCTGCATCAATCCCatgcctactgcctcgga; capital letters indicate gene-targeting region of hairpin). On
DIV15, somatic and axonal compartment lysates were collected and pooled from 3 to 4 chambers for somatic lysate and
20-22 chambers for axonal lysate. RNA was extracted using Single Cell RNA Purification Kit (Norgen Biotech, Ontario, CA). After
performing RT-PCR (iScript RT Supermix, Bio-Rad), axonal samples were pre-amplified (SsoAdvanced PreAmp Supermix, Bio-
Rad) and gPCR was subsequently performed with SsoAdvanced Universal Probes Supermix (Bio-Rad) using Tagman probes
gene expression assays (Thermo Fisher Scientific): Pum17: Rn01180594_m1, Snca: Rn01425140_m1, Rps19: Rn01458091_g1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental design
For protein and RNA quantification from cell lines, data were obtained from at least three independent experiments, each with three
biological replicates. Throughout the study, the experimenter was blinded to the identity of control, treated, or untreated cell lines. In
the mouse experiments, randomization and blinding were conducted as described above. The number of animals used, their sex, and
the specific statistical tests applied are detailed in the figure legends. Sample size was determined based on prior experience with the
same mouse model.'®

Statistical analysis

Statistical analyses were performed using GraphPad Prism 10 (https://www.graphpad.com/scientific-software/prism/) and Micro-
soft Excel. All data are expressed as mean + SEM. Detailed statistical information for each experiment is provided in the figures
and their respective legends. Expression level ranges in gPCR were determined from at least three independent experiments,
each with three biological replicates, by calculating the standard deviation of the ACt values.®® Similarly, expression level ranges
in western blot analyses were obtained from at least three independent experiments with three biological replicates. p values
were determined using Student’s t test or analysis of variance (ANOVA) with Tukey’s post hoc test for multiple comparisons.
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