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Abstract

Profilin 1 (PFNL) is a cytoskeleton protein that modulates actin dynamics through binding to
monomeric actin and polyproline-containing proteins. Mutations in PEN1 have been linked to
the pathogenesis of familial amyotrophic lateral sclerosis (ALS). Here, we employed an unbiased
proximity labeling strategy in combination with proteomic analysis for proteome-wide profiling
of proteins that differentially interact with mutant and wild-type (WT) PFN1 proteins in human
cells. We uncovered 11 mRNA splicing proteins that are preferentially enriched in the proximity
proteomes of the two ALS-linked PFN1 variants, C71G and M114T, over that of wild-type PFN1.
We validated the preferential interactions of the ALS-linked PFN1 variants with two mRNA
splicing factors, hnRNPC and U2AF2, by immunoprecipitation, followed with immunoblotting.
We also found that the two ALS-linked PFN1 variants promoted the exonization of A/uelements
in the mRNAs of MTO1, TCFL5, WRN and POLE genes in human cells. Together, we showed
that the two ALS-linked PFN1 variants interacted preferentially with mRNA splicing proteins,
which elicited aberrant exonization of the A/uelements in mMRNAs. Thus, our work provided
pivotal insights into the perturbations of ALS-linked PFN1 variants in RNA biology and their
potential contributions to ALS pathology.
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Proteins often function in cellular processes through interactions with other proteins.!
Immunoprecipitationmass spectrometry (IP-MS) is a powerful approach for elucidating
the interaction partners of a protein of interest. However, immunoprecipitation of protein
complexes might only capture stable interaction partners and miss transient and/or weak
binding partners, resulting in false negatives.1

Proximity labeling is an enzymatic biotinylation approach that can capture spatial and
temporal interactions of a protein of interest in its native cellular environment.2= In one

of these approaches, a second-generation engineered ascorbate peroxidase (APEX) can be
fused with a bait protein and introduced into cells through ectopic expression.2~ Because
endogenous proximal proteins are covalently tagged with biotin after a short (1 min) reaction
and the biotinylated proteins are enriched with streptavidin-coated beads, harsh washing
conditions can be employed to minimize nonspecific binding. The purified proteins are
then digested into peptides and analyzed by LC-MS/MS.# The approach allows for capturing
weak and transient interactions.*

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease primarily
affecting motor neurons.®> About 10% of ALS cases are familial and arise from known
genetic defects.® The approximately 25 known ALS-linked proteins cluster into three
biological processes: cytoskeletal dynamics, proteostasis, and RNA processing.>:6 These
functional categorizations are not mutually exclusive because some ALS-linked proteins
can affect more than one process.’~15 For instance, mutations in the PFNI gene, which
encodes the cytoskeleton protein profilin 1 (PFN1), were recently reported to be implicated
in familial ALS by disrupting cytoskeletal dynamics.”~11 In addition, ALS-linked PFN1
variants led to destabilization of tertiary structures of the protein, thereby inducing protein
aggregation and impairing proteostasis.’” 12715 Little, however, is known about whether ALS-
linked PFN1 variants can perturb RNA processing.

Recently, perturbation of mRNA splicing has been identified as an important mechanism
for ALS pathogenesis.16-18 While interacting proteins of ALS-linked PFN1 variants have
been studied recently to uncover the link between PFN1 and ALS through an IP-MS
approach,12 it remains elusive whether ALS-linked PFN1 variants can interact preferentially
with proteins involved in RNA processing.”~1® Understanding these interactions is crucial
since such interactions may perturb downstream cellular processes, e.g., mMRNA splicing,
transport, localization and translation.19.20
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In this study, we employed an unbiased APEX-based proximity labeling strategy coupled
with mass spectrometry (APEX-MS) for proteome-wide profiling of proteins that interact
differentially with two ALS-linked PFN1 variants (i.e., C71G and M114T) and the
wild-type (WT) counterpart. Our results revealed 55 and 14 mRNA splicing proteins
exhibiting preferential binding toward the ALS-linked PFN1 variants of C71G and M114T,
respectively, over the corresponding WT protein, where 11 proteins were commonly
enriched for both variants. In addition, we employed IP followed by immuno-blotting
(IP-1B) to validate the preferential interactions of the ALS-linked PFN1 variants with two
MRNA splicing proteins, hnRNPC and U2AF2. Importantly, we found that the ALS-linked
PFN1 variants promoted exonization of A/uelements in the mRNAs of multiple human
genes. Our results laid a strong foundation for understanding the biological consequences
of ALS-linked PFN1 variants in RNA processing and its potential implications in ALS
pathogenesis.

Previous attempts to identify proteins that differently interact with ALS-linked PFN1
variants and WT PFN1 using IP-MS have led to the discovery of several proteins exhibiting
augmented interactions with ALS-linked PFN1 variants of M114T and G118V.15 All of
these proteins are implicated in the biological process of cytoskeletal regulation.1> We
hypothesized that there are other important proteins that interact preferentially with the
ALS-linked PFN1 variants, which may contribute to ALS pathogenesis by perturbing other
biological processes, especially RNA processes.

To test the above hypothesis, we employed the APEX-based MS approach for a systematic
and unbiased screening of cellular proteins that interact preferentially with ALS-linked
PFNZ1 variants over the WT protein. To this end, we constructed three plasmids by fusing
the APEX2 sequence to the C termini of WT PFN1 and the two ALS-linked variants,

i.e.,, C71G and M114T. A short V5 epitope tag was inserted between PFN1 and APEX2

for monitoring the relative expression levels of the PFN1 variants. The PFN1-V5-APEX2
fusions were introduced into HEK293T cells through ectopic expression or lentiviral
transduction. We first conducted a pilot experiment with cells in a 6-well plate to test

the efficiency of proximity labeling by biotinylation followed with immunoblotting. We
verified the expression of PFN1-V5-APEX2 fusion proteins and assessed their biotinylation
efficiencies using Western blot analysis (Figure 1), where we observed that the expression
levels of the ectopically expressed PFN1-V5-APEX?2 variants were similar or lower than that
of endogenous PFN1 (Figure S1).

We then scaled up the experiment by culturing the cells in T75 flasks to obtain sufficient
cells for preparing proteomic samples (Figures 1 and S1). As described previously,2! after
biotin-phenol incubation and H,0, induction, cells were washed with a quenching buffer
5 times. After centrifugation and cell lysis in a 7 M urea buffer, streptavidin-conjugated
agarose beads were added to incubate with the bait-prey protein mixture. Subsequently,
the beads were washed with the 7 M urea buffer vigorously to remove nonbiotinylated
proteins. Bound proteins were eluted from the beads by boiling in sodium dodecyl sulfate
(SDS) sample loading buffer and briefly separated on a 15% SDS-PAGE gel to remove
streptavidin. After cysteine reduction and alkylation, proteins were digested in-gel with
trypsin, and the resulting peptides were subjected to LC-MS/MS analysis (Figure 1).
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By imposing an average fold change cutoff of 1.5 (p < 0.05, two-tailed, unpaired Student’s
Etest), our results from LC-MS/MS analysis (three biological replicates) revealed 1118

and 238 proteins displaying preferential enrichment in the proximity proteomes of the two
ALS-linked PFN1 variants, C71G and M114T, respectively, relative to WT PFN1 (Tables S2
and S3). Among these proteins, 213 exhibited preferential interactions with both C71G and
M114T (Figure 2 a and b and Table S4). Gene ontology (GO) analysis showed that many

of these proteins are involved in protein stabilization and protein folding (Figure 2c and
Table S4), which is consistent with the known mechanisms that ALS-linked PFN1 variants
can cause familial ALS through inducing protein destabilization and aggregation.’+12:15.22

In this vein, the C71G variant displays more severe destabilization in protein structure

than the M114T variant,12:15 which, together with our APEX-MS proteomic data, suggests
that elevated aggregation of the former PFN1 variant results in augmented enrichment of
cellular protein in its proximity proteome. Remarkably, all of the top ten biological pathways
identified here (Figure 2c) have been linked with the pathogenesis of neurodegenerative
diseases.”16:23.24 gpecifically, disruption of heterochromatin structure led to neuron loss as
well as motor and memory impairments that are commonly observed in ALS patients.23
Glycolysis dysfunction in the central nervous system can contribute to ALS through
reducing mitochondrial energy generation and increasing oxidative stress.24 Interestingly,
six proteins from the proximity proteomes of the ALS-linked PFN1 variants were involved
in substantia nigra development that is commonly undermined in Parkinson’s disease.2
More importantly, growing lines of evidence supported perturbation in mRNA splicing as
crucial to ALS pathogenesis.16-18 Notably, 55 and 14 proteins, which are preferentially
enriched for the C71G and M114T variants over wild-type PFN1, respectively, are involved
in mRNA splicing via spliceosome (Figures S2 and S3). Among them, 11 mRNA splicing
proteins are enriched for both ALS-linked PFN1 variants, including heterogeneous nuclear
ribonucleoproteins C1/C2 (hnRNPC) and splicing factor U2AF 65 kDa (U2AF2) (Figure 2c,
d).

hnRNPC belongs to the heterogeneous nuclear ribonucleoprotein (hnRNP) family of
proteins and is involved in multiple aspects of RNA metabolism, including pre-mRNA
splicing, mRNA stability, and transport.26-30 |n particular, hnRNPC is known to protect
the human transcriptome from the exonization of A/uelements.26 In this vein, recent
studies revealed that dysfunctions in hnRNP protein play a fundamental role in driving
the pathogenesis of ALS and related diseases such as frontotemporal dementia (FTD).3!

U2AF2 is a component of the spliceosome, a complex responsible for pre-mRNA splicing,
and it plays a crucial role in splice site recognition, contributing to the accuracy and
specificity of splicing events.2% Binding of U2AF2 upstream of the 3 splice site is crucial
for recruiting the small nuclear ribonucleoprotein (SnRNP) U2, an integral component of
the spliceosome, thus comprising a major regulatory event in 3" splice-site recognition.26
Interestingly, SF3B2, which is a component of sSnRNP U2, is also among the 11 mRNA
splicing proteins enriched for ALS-linked PFN1 variants (Figure 2d).

Representative MS/MS of tryptic peptides derived from hnRNPC and U2AF2 confirmed the
identification of these two proteins (Figures S4-S5). The average fold changes of a tryptic
peptide from hnRNPC between the ALS-linked PFN1 variants (i.e., C71G and M114T)
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and WT PFN1 were 2.83 and 1.85, respectively (Figure S4). The average fold changes
of a tryptic peptide from U2AF2 between the ALS-linked PFN1 variants (i.e., C71G and
M114T) and WT PFN1 were 4.08 and 2.22, respectively (Figure S5).

To further substantiate the preferential interactions of the two ALS-linked PFN1 variants
with the two mRNA splicing proteins, we employed an IP-1B assay. We recognized that
these preferential interactions, which were not uncovered previously,}> may not be very
strong and thus required optimized washing conditions to preserve the binding. Meanwhile,
we also included a blocking step using a mixture of BSA, glycogen, and ssDNA to reduce
nonspecific binding to the FLAG beads. Moreover, we included a step of benzonase
treatment to remove nucleic acids from the protein-containing lysates, eliminating the
possibility that these interactions might be mediated by nucleic acids.

Our results from three biological replicates showed that both hnRNPC and U2AF2 were
enriched for the ALS-linked PFN1 variants over the WT PFN1 in HEK293T cells; the
average enrichment fold changes for the C71G and M114T variants were 12.8 and 7.5,
respectively, for hnRNPC and 31.3 and 28.8, respectively, for U2AF1, which are consistent
with our APEX-MS results (Figures 3 and S6). We also conducted the IP-IB experiments
using mouse N2a cells, which were derived from mouse neural crests and have been widely
used for studying neurodegeneration.” It turned out that we again observed pronounced
enrichments of hnRNPC and U2AF2 in the pull-down mixtures of the C71G and M114T
variants over WT PFN1 (Figures 3 and S6).

Deficiency in hnRNPC can lead to aberrant splicing through promoting exonization of
Aluelements in human cells.28 By employing reverse transcription-polymerase chain
reaction (RT-PCR) coupled with agarose gel electrophoresis, we found that the ALS-linked
PFNZ1 variants significantly promoted the exonization of A/uelements in MTO1, TCFL5,
WRN and POLE genes in human cells, presumably through sequestering hnRNPC (Figure
4). Interestingly, all four genes encode nucleic-acid binding proteins and are associated
with human genetic disorders or diseases.32-3> For example, aberrant splicing of M701
affects mitochondrial tRNA modification, resulting in mitochondrial dysfunction, which is
commonly observed in ALS etiology.3¢ Abnormal splicing of 7CFL5, WRNand POLE
transcripts may impact the binding affinities of their encoded proteins toward nucleic acids,
which can lead to genome or transcriptome instability.33-35

Emerging evidence has shown that dysfunctional mRNA splicing is at the core of ALS
pathogenesis.16-18 ALS-linked PFN1 variants were implicated in ALS through perturbing
cytoskeletal dynamics and protein aggregation.’15:37-39 However, the biological relevance
of ALS-linked PFN1 variants in RNA biology remains largely unexplored.”15 Qur study
reveals for the first time a plausible mechanism through which ALS-linked PFN1 variants
contribute to ALS pathogenesis through sequestering mRNA splicing proteins, thereby
leading to dysregulation in mMRNA splicing.

Taken together, we utilized APEX-MS to comprehensively investigate the proteome-wide
interactions of two ALS-linked PFN1 variants (C71G and M114T) compared with the WT
protein. Our findings revealed 11 mRNA spicing proteins displaying preferential interactions
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with both C71G and M114T over WT PFN1, including hnRNPC, which is known to protect
the human transcriptome from A/u element exonization. We confirmed, by employing IP-IB,
enhanced binding between the ALS-linked PFN1 variants and these two mRNA splicing
proteins. We also found that the ALS-linked variants perturbed the splicing patterns of the
MTO1, TCFL5 WRNand POLE genes, likely through sequestering hnRNPC, in human
cells. Thus, our findings revealed, for the first time, the functions of the ALS-linked PFN1
variants in perturbing mRNA splicing, which provides new insights into the pathogenic
mechanisms of the ALS-linked PFN1 mutants.

Although hnRNPC is an important member of the hnRNP family and is deeply involved in
RNA regulation, little is known about the relationship between hnRNPC dysfunction and
ALS pathogenesis.3140 Additionally, hnRNPC protects the human transcriptome from the
exonization of A/uelements.2® Our study suggests that ALS-linked mutants of PFN1 perturb
hnRNPC-mediated protection of A/uelement exonization through sequestration of hnRNPC.
It will be interesting to explore, in the future, whether ALS-linked PFN1 variants cause ALS
by sequestering hnRNPC and thus disrupting Af-methyladenosine (mfA)-mediated RNA
regulation.®9 It will also be important to validate the aberrant interactions of other proteins
with ALS-associated variants of PFN1, and to examine how such interactions contribute to
ALS pathology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Workflow of using APEX-MS for proteome-wide profiling of proteins that differentially

interact with two ALS-linked PFN1 variants (C71G and M114T) and WT PFNL. In the
pilot experiment, cell lysates collected from a 6-well plate were subjected to Western blot
to assess the labeling efficiency (bottom right). Control groups without the addition of
H,0, showed minimal endogenous biotinylation. Proteomic samples were prepared with
cell lysates collected from T75 flasks. Approximately 10% of the lysates were subjected
to Western blot to examine the expression levels and labeling efficiencies of the PFN1-V5-
APEX2 fusion proteins. The remaining 90% of lysates were used for streptavidin affinity
purification, in-gel digestion, and LC-MS/MS analysis.
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Figure2.
APEX-MS uncovered preferential interactions of mRNA splicing proteins with the two

ALS-linked PFNL1 variants. (a, b) Volcano plots showing the preferential interactions of 1118
and 238 proteins with the C71G and M114T PFN1 variants, respectively, over wild-type
PFN1. The pvalues were calculated by using paired, two-tailed Student’s ¢test. Colored
dots designate those with statistically significant fold changes (p < 0.05). (c) Gene ontology
analysis of biological processes (top ten were shown) for the 213 proteins interacting
preferentially with both ALS-linked PFN1 variants. Eleven mRNA splicing proteins are
commonly enriched in the proximity proteomes of the two ALS-linked PFN1 variants. The
numbers on the y axis denote the numbers of proteins identified for the biological processes.
The vertical dotted line denotes the p value of 0.05. (d) Interconnected nodes based on the
Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database are shown
for WT PFNL1 and the 11 mRNA splicing proteins. The result is consistent with our findings
that the ALS-linked PFN1 variants interact preferentially with these mRNA splicing proteins
overWT PFN1.
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Figure 3.
IP-1B substantiated that hnRNPC and U2AF2 interacted preferentially with both ALS-linked

PFN1 variants (C71G and M114T) in HEK293T cells (a—c) and N2a mouse neuroblastoma
cells (d-f). The pvalues were calculated using unpaired, two-tailed Student’s #test: **,
0.001 < p<0.01; ***, p<0.001.
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Figure 4.
ALS-linked PFN1 variants promoted exonization of A/uelements in mMRNAs of MTO1 (a),

TCFL5 (b), WRN (c) and POLE (d) genes in HEK293T cells. The pvalues were calculated
using unpaired, two-tailed Student’s ¢test: *, 0.05 < p< 0.001; **, 0.001 < p< 0.01; ***,
0.0001 < p< 0.001; **** p<0.0001; n=3.
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