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Synphilin-1 regulates mechanotransduction )
in rigidity sensing through interaction
with zyxin
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Abstract

Background Synphilin-1 has been studied extensively in the context of Parkinson's disease pathology. However, the
biophysical functions of synphilin-1 remain unexplored. To investigate its novel functionalities herein, cellular traction
force and rigidity sensing ability are analyzed based on synphilin-1 overexpression using elastomeric pillar arrays and
substrates of varying stiffness. Molecular changes are analyzed using RNA sequencing-based transcriptomic and
liquid chromatography-tandem mass spectrometry-based proteomic analyses.

Results Synphilin-1 overexpression reduces cell area, with a decline of local contraction on elastomeric pillar arrays.
Cells overexpressing synphilin-1 exhibit an impaired ability to respond to substrate rigidity; however, synphilin-1
knockdown restores rigidity sensing abilities. Integrated omics analysis and in silico prediction corroborate the
phenotypic alterations induced by synphilin-1 overexpression at a biophysical level. Zyxin emerges as a novel
synphilin-1 binding protein, and synphilin-1 overexpression reduces the nuclear translocation of yes-associated
protein.

Conclusion These findings provide novel insights into the biophysical functions of synphilin-1, suggesting a
potential protective role to the altered extracellular matrix, which may be relevant to neurodegenerative conditions
such as Parkinson'’s disease.
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Introduction

Synphilin-1, identified as an interacting protein of
a-synuclein, has been primarily studied in neurons, par-
ticularly in the pathology of Parkinson’s disease (PD),
owing to its presence in Lewy bodies [1-5]. The multi-
faceted structure of synphilin-1 encompasses several
functional domains, including ankyrin-like repeats, a
coiled-coil domain, and ATP/GTP-binding motifs [1, 6].
Synphilin-1 interacts with various cytosolic and periph-
eral membrane proteins, such as PRKN, SIAH, PINK1,
AMPK, and SH2D3C [7-13], as well as phospholipids
[14]. In addition, synphilin-1 overexpression has been
reported to increase neurite outgrowth in mouse neu-
ronal cells [15]. Although synphilin-1 may play a role in
membrane and morphological alterations, its biophysical
functions require further investigation.

The brain is one of the softest organs in the human
body. The softness of the brain is attributed to rich extra-
cellular matrix (ECM) proteins, such as glycoproteins and
proteoglycans, which contribute to its low stiffness [16].
However, the composition of ECM can alter under neu-
ropathological conditions [17], affecting tissue mechanics
and cellular responses. Notably, changes in ECM protein
composition have been observed in the brain tissue of
patients with PD [18, 19], yet how these ECM alterations

influence the behavior of brain-resident cells and relate to
disease progression remains largely unexplored.

Several platforms and systems have been instituted to
evaluate the biophysical and mechanobiological altera-
tions that occur at the single-cell level 20-23]. A par-
ticularly efficacious method in this regard involves the
assessment of biophysical effects through elastomeric pil-
lar arrays [23, 24]. This approach proves instrumental in
the analysis of biophysical functions, given that the nano-
metric level of pillar deflection facilitates the exploration
of the biological responses of cells to mechanical traction
forces, rigidity sensing, and physical changes [25-27]. By
analyzing cellular forces and their patterns, a comprehen-
sive understanding can be attained regarding the effect
of specific factors on the forces and mechanical sensing
induced by cells.

Cells within living organisms continuously encoun-
ter various types of mechanical stimuli from either
their environment or intercellular interactions [28]. In
response to these mechanical cues, such as the rigid-
ity of the surrounding substrate, cells regulate diverse
functions, including cell morphology, proliferation, and
migration, through mechanotransduction pathways [29,
30]. Focal adhesions are integrin-based protein com-
plexes that form the pivotal contact points between cells
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and ECM, establishing a connection with actomyosin
contractile networks to transmit cellular forces to the
matrix [30, 31]. The maturation of focal adhesions from
nascent adhesions within protrusive structures, such as
lamellipodia and filopodia, induces the formation and
extension of lamellipodia structures [28, 32, 33]. Among
the components of the focal adhesion complex, zyxin is
a representative LIM domain protein with mechanosen-
sitive functions. In response to mechanical stimulation,
zyxin regulates actin dynamics, cellular movement, and
signal transduction [34-38].

Omics analyses provide comprehensive insights into
biological functions [39, 40]. Moreover, integrated omics
can compensate the inherent limitations of each single
omics. For instance, previous investigations have lev-
eraged integrated omics analyses encompassing tran-
scriptome and metabolome data to propose synphilin-1
functions in the formation of cytoplasmic inclusion bod-
ies, as well as the effect of nanoparticles on cellular trac-
tion forces [21, 41].

This study was undertaken to assess the biophysical
effects of synphilin-1 in the context of traction force and
rigidity sensing using pillar arrays and substrates of dif-
ferent stiffness, as well as to elucidate its biological mech-
anism using integrated transcriptomic and proteomic
analyses. This study was also conducted to analyze the
binding between zyxin and synphilin-1 to further investi-
gate the biophysical functionalities of synphilin-1.

Materials and methods

Cell culture and transfection

Human embryonic kidney 293 (HEK293) cells and
HEK293 cells stably overexpressing FLAG-synphilin-1
(Synph-293 cells) were cultured in Dulbecco’s modified
essential medium, supplemented with 10% fetal bovine
serum (Corning, NY, USA), penicillin (100 units/mL),
and streptomycin (100 pg/mL) (Thermo Fisher Scien-
tific, Waltham, MA, USA) [42]. Cells were cultured at 37
C and 5% CO, in a humidified incubator. HEK293 cells
were transfected with empty and FLAG-synphilin-1 vec-
tors using Lipofectamine 3000 (Invitrogen, Waltham,
MA, USA), according to the manufacturer’s instructions.
Scrambled siRNA control and synphilin-1 siRNA were
obtained from Dharmacon (Lafayette, CO, USA). Subse-
quently, HEK293 and Synph-293 cells were transfected
with the siRNAs using Lipofectamine RNAiIMAX (Invit-
rogen), according to the manufacturer’s instructions.

Scanning electron microscopy (SEM)

HEK293 and Synph-293 cells were fixed with SEM Fixa-
tive (1% paraformaldehyde and 2% glutaraldehyde in
sodium cacodylate buffer (0.1 M)) for 2 h at 20 ‘C. Follow-
ing fixations, cells were rinsed thrice with SEM Fixative
and subjected to post-fixation with 1% osmium tetroxide
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(Polysciences, Warrington, PA, USA) in sodium caco-
dylate buffer (0.1 M) for 1 h at 20 C. Subsequently, each
sample was dehydrated in a series of ethanol solutions
(50-100%). Next, samples were dried via treatment with
hexamethyldisilazane solution (Sigma-Aldrich, St. Louis,
MO, USA) twice for 3 min at 20 ‘C. Finally, samples
were coated with gold particles using a coater (Q150R
ES; Quorum Technologies, UK). SEM images were
acquired using a field emission SEM (Sigma 500; Carl
Zeiss, Oberkochen, Germany) at the Three-Dimensional
Immune System Imaging Core Facility at Ajou University.

Immunocytochemistry

Coverslips were coated with a solution containing fibro-
nectin (0.01 mg/mL), collagen I (0.03 mg/mL), and
bovine serum albumin (0.01 mg/mL) for 1 h at 20 'C on
an orbital shaker (M71735; Barnstead Thermolyne Cor-
poration, Dubuque, IA, USA). Cells were seeded onto
coverslips and incubated for 12 h at 37 ‘C with 5% CO.,.
Subsequently, cells were fixed and permeabilized using
fixation/permeabilization solution (BD bioscience, San
Jose, CA, USA) for 30 min at 4 ‘C. Non-specific back-
ground was blocked with phosphate-buffered saline
(PBS) containing 2% BSA and 0.1% Triton-X100 for 2 h
at RT. Primary antibodies, including anti-synphilin-1
(sc-365741; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-FLAG M2 (F1804; Sigma-Aldrich), anti-paxil-
lin (NBP2-57097; Novus Biologicals, Littleton, CO, USA),
anti-zyxin (GTX132295; GeneTex, Irvine, CA, USA), and
anti-YAP1 (GTX129151; GeneTex) were used at a dilu-
tion of 1:400 in blocking buffer. Secondary antibodies,
including Alexa Fluor 488 conjugated anti-Rabbit IgG
(A-11034; Invitrogen) and Alexa Fluor 546 conjugated
anti-Mouse IgG (A-11030; Invitrogen), were used at a
dilution of 1:400 in blocking buffer. For F-actin staining,
Alexa Fluor 488 phalloidin (A-12379; Invitrogen) and
Alexa Fluor 594 phalloidin (A-12381; Invitrogen) were
used at a dilution of 1:400 in blocking buffer. Hoechst
33,342 (Invitrogen) at a concentration of 2 ug/mL in PBS
was used for nucleus staining. Samples were mounted
on ProLong Gold Antifade Mountant (Invitrogen), and
images were acquired using a confocal laser-scanning
microscope (LSM900; Carl Zeiss) at the Three-Dimen-
sional Immune System Imaging Core Facility at Ajou
University. Further image processing and analysis were
performed using ZEN 3.2 blue edition software (Carl
Zeiss) and the Fiji/Image] software [43]. The scatterplot
and Pearson correlation coefficient value were obtained
using the Colocalization Finder plugin in Fiji/Image]
software.

Polydimethylsiloxane (PDMS) substrate Preparation
PDMS substrates were prepared using the Sylgard Sili-
cone Elastomer Kit (Dow Corning, Midland, MI, USA)
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described previously [29]. The silicone elastomer base
was mixed with a curing agent (Sylgard 184; Dow Corn-
ing) and degassed for 30 min. The resulting mixture
was spin-coated onto a glass bottom confocal dish at
2,000 rpm for 2 min, resulting in a PDMS layer with a
thickness of 35+5 um. Subsequently, the elastomer was
cross-linked at 70 °C for 4 h. Next, the ratio of the elas-
tomer base to the curing agent was adjusted to achieve
substrates with distinct Young’s moduli. For the “rigid”
substrate (2 MPa), the ratio was set to 10:1, whereas for
the “soft” substrate (5 kPa), it was adjusted to 75:1. Next,
the prepared substrates were functionalized with 20 pg/
mL of fibronectin (Sigma-Aldrich) overnight at 4 C.
Prior to cell seeding, the PDMS-coated coverslips were
washed with PBS and cell culture medium.

Elastomeric pillar array fabrication

Photolithography was used to fabricate a silicon wafer
mold featuring an array of holes (diameter: 500 nm,
depth: 1.3 um, and center-to-center distance: 1 pm) for
pillar array fabrication, as described previously [21, 44].
The fabrication process involved mixing PDMS with a
curing agent in a 10:1 ratio to achieve Young’s modulus of
2 MPa. This mixture was vacuumed for 15 min to remove
bubbles. Subsequently, the mixture was spin-coated onto
the mold at 500 rpm for 10 s and at 1,800 rpm for 30 s,
followed by an additional 30 min vacuum cycle to elimi-
nate any remaining bubbles. Next, the PDMS-coated
mold was cured at 80 ‘C for 3 h. Each resulting pillar pos-
sessed a bending stiffness (k) of 8.4 nN/um. The bending
stiffness of the pillars was calculated based on the Euler-
Bernoulli beam theory (Eq. (1)) [45]:

k= —nkbk— (1)

where E represents Young’s modulus, D indicates the pil-
lar diameter, and L denotes the pillar length.

Subsequently, pillars were functionalized with fibro-
nectin (20 pg/mL) (Sigma-Aldrich) overnight at 4 C.
Prior to cell seeding, the pillar array was washed with
PBS and cell culture medium.

Pillar displacement measurement

Cells on the pillar arrays were cultured in a live-cell
chamber (Live Cell Instrument, Seoul, Korea) at 37 ‘C
with 5% CO,. Imaging was conducted using an inverted
microscope (ECLIPSE TE2000-U, Nikon) equipped with
a high-speed camera (BFS-U3-32S4M-C; FLIR, Wil-
sonville, OR, USA) to capture pillar movements at 100
frames/s. A 10 s movie consisting of 1,000 frames was
recorded for each cell. Pillar displacements were ana-
lyzed using the PillarTracker plugin from the Mechano-
biology Institute in Singapore, enabling the calculation of
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traction force for individual pillars. The traction force (F)
was calculated using the following formula (Eq. (2)):

F=kx Az )

Local contraction was quantified by assessing the direc-
tional parameter (y) of adjacent two pillar pairs during
the initial 30-min cell spreading phase at the leading edge
[27]. The directional parameter (y) was calculated as the
sum of the pillar force vectors divided by the sum of their
magnitudes. When considering two neighboring pillar
forces, A and B (Fig. 2B), the formula for y is expressed as
follows (Eq. (3)):

\/(Ax + B:v)2 + (Ay + By)2

= 3)
\/Ax2 + Ay? + \/Bx2 + By?

Y

A group of eight pillars was defined as the region for
analysis, with four such regions analyzed per cell.

RNA sequencing

For RNA sequencing library preparation, 1 pg of total
RNA from cells was used employing the TruSeq Stranded
mRNA Sample Prep Kit (Illumina, San Diego, CA, USA).
RNA molecules were fragmented and synthesized as sin-
gle-stranded cDNAs through random hexamer priming,
followed by the preparation of double-stranded cDNA.
Following the sequential process of end repair, A-tail-
ing, and adapter ligation, cDNA libraries were amplified
with PCR. The quality of the cDNA libraries was evalu-
ated using Agilent 2100 BioAnalyzer (Agilent Technolo-
gies, Palo Alto, CA, USA). ¢cDNA library quantification
was performed using a KAPA library quantification kit
(Kapa Biosystems, Wilmington, MA, USA). After cluster
amplification, the sequencing progressed as paired-end
(2x150 bp) using the Illumina Novaseq6000 platform
(Ilumina).

RNA extraction and RT-qPCR

Total RNA was isolated from HEK293 and Synph-293
cells using the Direct-Zol RNA Miniprep kit (Zymo
Research, Irvine, CA, USA). Isolated RNA was converted
to a cDNA library using the iScript Advanced cDNA Syn-
thesis Kit (Bio-Rad, Hercules, CA, USA) and a thermocy-
cler (T3000; Biometra, Jena, Germany). Gene expression
levels associated with the transcriptomic network were
acquired via quantitative reverse transcription PCR using
SsoAdvanced™ Universal SYBR® Green Supermix real-
time PCR Kit (Bio-Rad) and Rotor Gene-Q 5plex HRM
(Qiagen, Valencia, CA, USA). Relative quantification of
gene expression levels was calculated using the 2744t
method. Primer sequences are provided in Supplemen-
tary Table 1.
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Liquid chromatography-tandem mass spectrometry
HEK293 and Synph-293 cells were lysed in RIPA buf-
fer (Thermo Fisher Scientific). Subsequently, RIPA buf-
fer was removed from cell lysates via centrifugation. The
samples were denatured and reduced with urea (8 M) and
tris(2-carboxyethyl)phosphine hydrochloride (8 mM) for
1 hat 20 C. Next, the samples were alkylated using iodo-
acetamide (15 mM) for 1 h at 20 ‘C in the dark. Follow-
ing alkylation, trypsin digestion was conducted for 16 h
at 37 ‘C. Each sample was labeled with a tandem mass tag
(TMT)-6-plex (126, 127, 128, 129, 130, 131) according
to the manufacturer’s protocol, and the combined TMT-
labeled sample was fractionated by high-pH reversed-
phase liquid chromatography (Nexera XR; Shimadzu,
Kyoto, Japan) with a C;; column (Shimadzu). All frac-
tions were collected using an FRC-10 A fraction collec-
tor (Shimadzu) and desalted using Macro SpinColumns
(Harvard Apparatus, Holliston, MA, USA). TMT-labeled
peptides were quantified using an Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific) and
a nano-electrospray source (Thermo Fisher Scientific)
equipped with Easy nL.C 1200 (Thermo Fisher Scientific).
Peptides were trapped using a C,g pre-column (Thermo
Fisher Scientific) and separated using a C,4 reverse-phase
column (Thermo Fisher Scientific) at a flow rate of 300
nL/min with mobile phase A and B of 0% and 80% ace-
tonitrile containing 0.1% formic acid respectively. Dur-
ing chromatographic separation, Orbitrap Fusion Lumos
mass spectrometer acquired MS and MS/MS data in the
data-dependent mode, repeatedly switching 3 s cycle
time.

Identification and quantification for proteome data
ProLucid [46] was used to identify the peptide proto-
cols with the UniProt human protein database (January
2018, Reviewed proteins) from MS/MS spectra data. A
precursor mass error of 5 ppm, and a fragment ion mass
error of 200 ppm. Trypsin was selected as the enzyme,
with two potential missed cleavages. TMT modification
(+229.1629) at the N-terminus and lysine residue by the
labeling reagent and carbamidomethylation at cysteine
were chosen as static modifications. Oxidation at methi-
onine was chosen as variable modification. Reporter ions
were extracted from small windows (+20 ppm) around
their expected m/z in the HCD spectrum. The reversed
sequences of all proteins were appended into the data-
base for calculation of the false discovery rate. The output
data files were filtered and sorted to compose the pro-
tein list using the DTASelect [47] (The Scripps Research
Institute, USA) with two or more peptide assignments for
protein identification and a false positive rate of less than
0.01.

For quantitative analysis, a Census within the IP2
pipeline (Integrated Proteomics, USA) was used. The
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intensity at a reporter ion channel for each protein was
calculated as the sum of this reporter ion’s intensities
from all constituent peptides from the identified protein
[48]. TMT ratios for proteins were determined by sum-
ming reporter ion intensities across all peptides assigned
to a protein subgroup. Reversed and potential contami-
nant proteins were excluded from the analysis.

Formaldehyde cross-linking and co-immunoprecipitation
HEK293 and Synph-293 cells were subjected to protein
cross-linking via incubation with 1% formaldehyde solu-
tion at 20 ‘C for 10 min on an orbital shaker. After wash-
ing with PBS, the cross-linking reaction was quenched
using Tris/PBS buffer (0.5 M) at RT for 5 min on a shaker.
The cells were washed with PBS and lysed with RIPA
buffer (Thermo Fisher Scientific), supplemented with
Protease Inhibitor Cocktail Solution (GenDEPOT, Katy,
TX, USA) and Phosphatase Inhibitor Cocktail Solution
(GenDEPOT) for 1 h at 4 “C. Subsequent processes were
conducted using protein G-Sepharose beads (Millipore,
Billerica, MA, USA). Cell lysates were centrifugated,
and the supernatants were collected. Protein concentra-
tions of samples were measured using the BCA Protein
Assay Kit (Thermo Fisher Scientific) to ensure an equal
amount of protein in each sample. Each sample was incu-
bated with an anti-zyxin antibody (sc-293448; Santa Cruz
Biotechnology) or anti-synphilin-1 antibody (sc-365741;
Santa Cruz Biotechnology) overnight at 4 ‘C. Post-incu-
bation with antibodies, samples were incubated with pro-
tein G-Sepharose beads for 1 h at 4 ‘C. The beads were
washed thrice, and conjugated proteins were eluted using
Lane Marker Reducing Sample Buffer (39000; Thermo
Fisher Scientific). The following antibodies were used
for western blotting analysis: anti-synphilin-1 (1:500)
(sc-365741; Santa Cruz Biotechnology), anti-FLAG M2
(1:500) (F1804; Sigma-Aldrich), and anti-zyxin (1:1000)
(GTX132295; GeneTex).

Single protein and protein-protein structure prediction
The AlphaFold Server (AlphaFold 3) was used to predict
single protein as well as protein-protein structures [49].
The following human protein sequences were obtained
from the UniProt database [50]: synphilin-1 (Q9Y6H5),
zyxin (Q15942), and paxillin (P49023). The results of
single protein and protein-protein structure prediction
were visualized using the PyMOL software (The PyMOL
Molecular Graphics System, Version 2.5.4 Schrédinger,
LLC.).

Statistical analysis

Statistical significance was determined using the IBM
SPSS Statistics 20 software (IBM Corporation, Armonk,
NY, USA). An independent sample ¢-test with Levene’s
test was performed to analyze the differences between
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Fig. 1 Cells overexpressing synphilin-1 exhibited reduced spreading area with decreased lamellipodia formation and focal adhesion. A Cell morphology
of human embryonic kidney 293 (HEK293) and synphilin-1-overexpressing HEK293 (Synph-293) cells from bright-field, F-actin staining, and scanning
electron microscopy analyses (scale bars: 20 um). B Cell spreading area of HEK293 and Synph-293 cells (n=50). Data represent the mean + SD. C Propor-
tion of lamellipodia structures at the edge of HEK293 and Synph-293 cells (n=13). Data represent the mean+SD. Individual value is represented as a
hollow circle. D Focal adhesion analysis of cells using paxillin staining images (scale bar: 10 um). E, F Number (E) and total area (F) of focal adhesions of
cells (n=24/18/31/47). The inner solid line and cross sign indicate the median and mean values, respectively. Statistical significance was determined using

an independent sample t-test with Levene’s test. ns: no significance

two experimental groups. Statistical differences among
multiple (=3) experimental groups were determined
using a one-way analysis of variance (ANOVA), followed
by Tukey’s HSD or Games-Howell post-hoc pairwise
comparisons.

Results

Synphilin-1 overexpressing cells exhibited reduced
spreading area with decreased lamellipodia formation and
focal adhesion

HEK293 and FLAG-tagged synphilin-1 (FLAG-
synphilin-1) overexpressing HEK293 (Synph-293) cell
lines were used for the overall analyses regarding the
assessment of the biophysical functions of synphilin-1
(Supplementary Fig. 1A) [42]. The most prominent
change observed in Synph-293 cells was a decrease in cell
spreading area accompanied by morphological changes
(Fig. 1A). F-actin staining and SEM image analysis
revealed that Synph-293 cells exhibited a contracted cel-
lular shape with fewer lamellipodia-like protrusions com-
pared to HEK293 cells. The spreading area of Synph-293
cells was significantly smaller than that of HEK293 cells
(Fig. 1B). In addition, the spreading area was reduced in
HEK293 and SH-SY5Y (human neuroblastoma cell) cells
transiently overexpressing the FLAG-synphilin-1 (iso-
form 1, complete sequence) and GFP-tagged synphilin-1
(isoform 5, containing whole domains) (Supplementary
Fig. 1B, C). The SEM images revealed that the propor-
tion of lamellipodia in the total cell perimeter was also
notably lower in Synph-293 cells than in HEK293 cells
(Fig. 1C; Supplementary Fig. 1D, E).

Subsequently, we analyzed the focal adhesion pat-
terns using paxillin staining and image processing in
transiently or stably synphilin-1 overexpressing HEK293
cells (Fig. 1D). Following transfection, transiently FLAG-
synphilin-1 overexpressing HEK293 cells exhibited a
tendency towards decreased focal adhesion number,
with stably FLAG-synphilin-1 overexpressing Synph-293
cells demonstrating a significant reduction compared
to HEK293 cells (Fig. 1E). Notably, both transiently and
stably FLAG-synphilin-1-overexpressing cells exhibited
a significant decrease in the total area of focal adhesions
(Fig. 1F). The images of co-staining with F-actin and pax-
illin showed that stress fiber structures associated with
focal adhesion were observed in HEK293 cells, but stress
fibers were not well observed in Synph-293 cells, even
though focal adhesion was observed (Supplementary

Fig. 1F). Decreased focal adhesion tendency was also
observed in FLAG-tagged synphilin-1 transfected SH-
SY5Y cells (Supplementary Fig. 1G). These results suggest
that synphilin-1 overexpression reduced cell spreading
area by attenuating the formation of lamellipodia struc-
tures and focal adhesions.

Synphilin-1 overexpression induced cellular contraction
towards the central region with diminished local
contractions

Subsequent detailed analyses of cellular traction force
were conducted by placing cells on elastomeric pillar
arrays, with force applied by each cell to the pillars being
calculated (Fig. 2A). Additionally, the directionality (y)
of pillars was analyzed based on the direction pattern
of adjacent pillars (Fig. 2B) [27]. To assess the reversible
effect of synphilin-1 overexpression, synphilin-1-knock-
down Synph-293 (Synph-293-KD) cells were co-ana-
lyzed with HEK293 and Synph-293 cells (Supplementary
Fig. 2A, B). Prior to pillar array analysis, the morpho-
logical observation of Synph-293-KD cells showed that
synphilin-1 knockdown in Synph-293 cells reversed cell
morphology, restoring a phenotype similar to HEK293
cells (Supplementary Fig. 2C). Incubation of cells on the
pillar arrays revealed significant phenotypic differences
among HEK293, Synph-293, and Synph-293-KD cells
(Fig. 2C). Compared to HEK293 cells, Synph-293 cells
occupied fewer pillars, indicative of a smaller spreading
area (Fig. 2D). Furthermore, at the edge of the cell, pillars
beneath Synph-293 cells exhibited considerably greater
displacement towards the central axis. The average trac-
tion force exerted on pillars beneath Synph-293 cells was
significantly higher than that observed in HEK293 cells
(Fig. 2E). However, the total traction force exhibited by
Synph-293 cells was dramatically decreased compared to
HEK293 cells (Fig. 2F). Notably, the Synph-293-KD cells
exhibited a tendency to revert to HEK293 cells, encom-
passing trends of significantly higher pillar occupancy
and a lower average traction force than Synph-293 cells
(Fig. 2C—E).

Several studies have evaluated cellular substrate rigidity
sensing by measuring local contractions on pillar arrays
[27, 29, 51]. In the early spreading phase of cells, locally
contracted units formed at the leading edges of cells to
sense substrate rigidity. Analysis of pillar displacement
patterns at the edge of each cell revealed that Synph-
293 cells exhibited a diminished frequency of locally



Kim et al. Journal of Nanobiotechnology (2025) 23:345 Page 8 of 20

Directionality ()

D E F
1000 e 2.5- 1400+
p =0.001 &
s B > p<0001 P=0059 £12009 —
_5 2204 /= g10004 L0
63 p <0.001 & o =z
= 600 20 s 800
L c a -Q 1.5 o
EZ 400- £ % 600
zZ 3 4 E
8 © 1.0 £ 4004
S 200 g1 £
= E’ 200
0 I 0
HEK293 Synph  Synph HEK293 Synph  Synph HEK293 Synph  Synph
293 -293-KD 293 -293-KD 293  -293-KD
H p < 0.001
HEK293 Synph-293 g — 1.0 £ <0.001 p<0.001
| 3 0.8 T
’ ' =
" g 0.6
e £ 04
O
02
= 0.
0.0L
& a° \Y
dﬂr ‘\5), g’b*
X N ¥
&
(\
>

Fig. 2 (See legend on next page.)



Kim et al. Journal of Nanobiotechnology (2025) 23:345

(See figure on previous page.)

Page 9 of 20

Fig. 2 Synphilin-1 overexpression induced cellular contraction toward the center, with diminished local contraction. A Schematic representation of
elastomeric pillar arrays and pillar force formula. B Schematic representation of the directionality (y) of pillars. C Pillar deflection map of HEK293, Synph-
293, and synphilin-1-knockdown Synph-293 (Synph-293-KD) cells (scale bar: 4 um) (scale arrow: 3 nN). The yellow line indicates the cell boundary. The
length and direction of the cyan arrows indicate the magnitude and direction of traction force vectors, respectively. D Number of pillars covered by cells
(n=50). E Average traction force of pillars beneath cells (n=>50). F Total traction force of pillars beneath cells (n=50). G Spatial traction force distribution at
the edge of cells (scale bar: 1 um) (scale arrow: 1 nN). Red arrows indicate contractile units. Hy analysis of the pillars of the edge of cells (n=50). The inner
solid line and cross sign indicate the median and mean values, respectively. Statistical significance was determined using a one-way ANOVA, followed by

Tukey's HSD comparison test

contracted pillar pairs of similar magnitudes compared to
HEK293 cells (Fig. 2G). In contrast, Synph-293-KD cells
demonstrated an increase in the frequency of locally con-
tracted pillar pairs. The y values of pillars were numeri-
cally calculated, yielding a directionality parameter
(Fig. 2H); the y value for the edge region of Synph-293
cells was significantly higher and closer to 1 than that of
HEK293 cells, whereas y value for Synph-293-KD cells
was reduced compared to that for Synph-293 cells. In
addition, high-speed photographs of pillars revealed the
step-fitted pillar pair [51], indicative of simultaneous dis-
placement towards each other, in HEK293 and Synph-
293-KD cells but not in Synph-293 cells (Supplementary
Fig. 2D, E). Our pillar array results suggest that cells over-
expressing synphilin-1 may exhibit impaired probing of
substrate rigidity owing to the loss of contractile units at
the cell edge.

Synphilin-1 overexpression attenuated cellular rigidity
sensing across substrates with different stiffness
Considering the potential involvement of synphilin-1 in
rigidity sensing for a substrate, we investigated the effects
of synphilin-1 overexpression on cellular rigidity sensing
in substrates with various stiffness. The analysis encom-
passed flat PDMS-based substrates of 5 kPa and 2 MPa
stiffness [29] and a conventional cell culture dish (~1.7
GPa). HEK293 cells exhibited an increased spreading
area in response to changes in substrate stiffness, under-
scoring their proficiency in substrate rigidity sensing
(Fig. 3A, B). In contrast, Synph-293 cells demonstrated
an absence of a significant spreading area alteration in
response to changes in substrate stiffness (Fig. 3A, C).
However, this unresponsive phenotype in Synph-293 cells
was ameliorated upon synphilin-1 knockdown, resulting
in an increased cell spreading area according to the stiffer
substrate (Fig. 3A, D). In addition, even with synphilin-1
knockdown, HEK293 cells retained their ability to modu-
late their spreading area in response to substrate stiffness
(Supplementary Fig. 2F).

Similar to the cell spreading area, HEK293 cells exhib-
ited an increased focal adhesion area in direct correlation
with the stiffness of substrates (Fig. 3E, F). Conversely,
Synph-293 cells did not exhibit a significant change in
focal adhesion area; however, this unresponsive trait was
mitigated by synphilin-1 knockdown, resulting in the res-
toration of their ability to respond to substrate stiffness

(Fig. 3G, H). Consistent with the trends observed in the
cell spreading area, synphilin-1 knockdown in HEK293
cells maintained their proficiency in sensing substrate
stiffness (Supplementary Fig. 2G). These results suggest
that synphilin-1 overexpression negatively affects sub-
strate rigidity sensing; however, this effect can be revers-
ibly controlled through changes in synphilin-1 expression
levels.

Integrated transcriptomics and proteomics analyses
predicted the phenotype of synphilin-1 overexpression
The molecular mechanisms behind phenotypic changes
induced by synphilin-1 overexpression were elucidated
through in silico predictions using Ingenuity Pathway
Analysis (IPA), incorporating both transcriptome and
proteome datasets derived from HEK293 and Synph-293
cells. The transcriptomic analysis revealed 1,012 down-
regulated and 1,678 up-regulated genes screened from a
pool of 27,869 identified genes, adhering to specific crite-
ria (p<0.05 and fold-change + 1.5) (Fig. 4A). Similarly, the
proteomic analysis revealed 1,231 down-regulated and
1,224 up-regulated proteins selected from 5,151 identi-
fied proteins (p<0.05 and fold-change+1.2) (Fig. 4B).
Transcriptomic analyses predicted activated synaptic sig-
naling, neuronal differentiation, and cell viability, while
pathways and biological functions related to cholesterol
metabolism, autophagy, and cell death were predicted to
be inhibited in Synph-293 cells (Supplementary Figs. 3
and 4). Proteomic analyses predicted the activation of
translation and cell survival processes, inhibiting adhe-
sion, apoptosis, and sensitivity responses. Comparative
analysis of the biological functions predicted by tran-
scriptomic and proteomic datasets revealed potential
morphological changes in cells subsequent to synphilin-1
overexpression (Fig. 4C). Subsequently, networks of bio-
logical functions more directly related to the in vitro
results were constructed using each omics dataset. The
transcriptomic network predicted the inhibition of the
“formation of focal adhesions” and “cell spreading” cou-
pled with the activation of “retraction of cellular protru-
sions” and “contraction of cells” involving 121 related
genes (Fig. 4D; Supplementary Fig. 5A, B; Supplemen-
tary Table 2). Similarly, the proteomic network analy-
sis predicted consistent trends in these four functions,
highlighting the contributions of 132 proteins (Fig. 4E;
Supplementary Fig. 5D, E; Supplementary Table 3). The
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Fig. 3 Synphilin-1 overexpression induced the loss of cellular rigidity sensing on substrates with different stiffness. A Actin staining images of cells on
substrates with different stiffness (scale bar: 20 pm). B-D Spreading area of cells on substrates with different stiffness in HEK293 (B), Synph-293 (C), and
Synph-293-KD cells (D) (n=50). E Focal adhesion of cells on substrates with different stiffness (scale bar: 20 um). F-H Total area of focal adhesions of cells
on substrates with different stiffness in HEK293 (F), Synph-293 (G), and Synph-293-KD cells (H) (n=50). The inner solid line and cross sign indicate the
median and mean values, respectively. Statistical significance was determined using a one-way ANOVA followed by Tukey’s HSD (B, F, G) and Games-

Howell (C, D, H) comparison test

expression patterns of the identified genes and proteins
within the IPA networks were visually clustered into
heat maps (Supplementary Fig. 5C, F). Among the genes
included in the transcriptomic network, a quantitative
PCR was performed to quantify the expression levels of
nine genes deemed to have substantial contributions to
the elicited functional changes. Notably, the expression
levels of CCNDI, F2R, INPP5D, and RYR2 were signifi-
cantly higher, and those of CDKN2A, MYO3A, PLCB2,
RHOD, and SDC2 were lower in Synph-293 cells than
in HEK293 cells, confirming the concordant trends
observed in the transcriptomic network (Fig. 4F). Addi-
tionally, an assessment of the relative abundance of pro-
teins within the proteomic network revealed increased
levels of CD81, GPI, HTT, MAPT, PAK4, and RHOA
and decreased levels of AKAP12, ITGB1, LMNA, PXN,
SDC2, TPM1, VCL, and YWHAZ in Synph-293 cells
(Fig. 4G). An integrated network analysis of the tran-
scriptome and proteome consistently uncovered identi-
cal trends across the four cellular functions, providing
a comprehensive understanding of the morphological
changes observed in Synph-293 cells (Fig. 4H; Supple-
mentary Fig. 6). Overall, omics analysis employing tran-
scriptome and proteome datasets not only strengthened
the observed phenotype of synphilin-1 overexpression
through in silico prediction but also provided insights
into its biological functions at the molecular level.

Synphilin-1 interacted with zyxin in the cytosol and
affected the subcellular localization of YAP (yes-associated
protein)

Focal adhesion, a complex integral to the formation of
cellular protrusions containing lamellipodia, is directly
connected to the external environment of the cell [30,
31]. Within the molecular repertoire constituting the
focal adhesion complex, LIM domain proteins, such
as paxillin and zyxin, play a role in the transduction of
mechanical signals [36, 52]. Based on this background,
we identified a novel synphilin-1 interacting protein,
namely zyxin. Zyxin expression patterns in Synph-293
cells were highly co-localized with synphilin-1 in the
cytosolic region (Fig. 5A; Supplementary Fig. 7A, B),
with the Pearson correlation coefficient of both fluores-
cence analyses 0.941 (Fig. 5B) and 0.912 (Supplemen-
tary Fig. 7C), respectively. Similar expression patterns
were observed in synphilin-1-overexpressing SH-SY5Y
cells, yielding a Pearson correlation coefficient of 0.928

(Supplementary Fig. 7D, E). In SH-SY5Y cells expressing
GFP (GFP-control) or GFP-synphilin-1, GFP was primar-
ily expressed in the nucleus, whereas GFP-synphilin-1,
devoid of nuclear localization, co-localized with zyxin in
the cytosol (Supplementary Fig. 7F).

Subsequently, we performed co-immunoprecipitation
to validate the physical interaction between synphilin-1
and zyxin. Formaldehyde cross-linking definitively
established the presence of binding between zyxin and
synphilin-1 (Fig. 5C). This interaction was further sub-
stantiated through reciprocal co-immunoprecipitation
with zyxin (Fig. 5D). Additionally, FLAG-synphilin-1
co-immunoprecipitation without cross-linking con-
firmed the direct binding between synphilin-1 and zyxin,
whereas paxillin did not show any evidence of binding
with synphilin-1 (Supplementary Fig. 8A). Furthermore,
the structures of single proteins and protein-protein
complexes were predicted from the AlphaFold 3 [49].
The single structure prediction results for zyxin and
FLAG-synphilin-1 confirmed that the structure of zyxin
comprised three LIM zinc-binding domains, and that of
synphilin-1 consisted of one coiled-coil domain and six
ankyrin repeats (Fig. 5E, F). Notably, in the structure pre-
diction of zyxin-FLAG-synphilin-1, even the disordered
regions of each protein were present close to each other
to form a compact structure and appeared to be a single
complex (Fig. 5G). A similar pattern was reproduced
between zyxin and intact synphilin-1 (Supplementary
Fig. 8B, C); however, paxillin-synphilin-1 structure pre-
diction revealed that paxillin and synphilin-1 maintained
their respective single protein structures (Supplementary
Fig. 8D, E). These results underscore the cytosolic inter-
action between synphilin-1 and zyxin, suggesting that
this interaction may affect the function of zyxin.

Next, we analyzed the relationship between synphilin-1
overexpression and YAP. YAP is renowned as a con-
served mechanotransducer capable of sensing external
mechanical signals through subcellular relocalization
[53]. Indeed, zyxin knockdown has been reported to
decrease the nuclear localization of YAP [54] and
increase Ser127 phosphorylation [54, 55], which is criti-
cal for its cytoplasmic sequestration [56, 57]. Immuno-
fluorescence analyses revealed discernible alterations in
the subcellular localization patterns of YAP in response
to synphilin-1 overexpression (Fig. 5H). Cytosol local-
ization of YAP increased in transiently FLAG-synphilin-
1-overexpressing HEK293 cells and in Synph-293 cells on
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Fig. 4 Integrated omics analyses encompassing transcriptome and proteome datasets predicted the phenotype of synphilin-1 overexpression. A Vol-
cano plot of gene expression. Points satisfying the threshold p<0.05 and fold change + 1.5 are denoted by green (down-regulated in Synph-293 cells)
and red (up-regulated in Synph-293 cells). B Volcano plot of protein expression. Points satisfying the threshold p <0.05 and fold change + 1.2 are denoted
by green (down-regulated) and red (up-regulated). C Comparison analysis of cellular functions between transcriptome and proteome datasets using
Ingenuity Pathway Analysis (IPA) software. Numbers in the table indicate "activation z-score (- Log,(p-value))”" D Transcriptome network with an in silico
prediction of Synph-293 cell phenotype using IPA software. E Proteome network with Synph-293 phenotype prediction. F Gene expression level of
transcriptome network-related genes in Synph-293 cells. GAPDH was used as an internal control for gene expression normalization. Data represent the
mean +SD of three independent experiments. G Relative protein abundance levels of proteome network-related proteins in Synph-293 cells. Data repre-
sent the mean+SD. H Integrated omics network with the prediction of cellular functions. Molecules with opposite expression patterns are presented in

yellow. Statistical significance was determined using an independent sample t-test with Levene’s test

glass substrates, leading to a significant reduction in the
expression ratio of nuclear YAP (Fig. 5I). This observed
trend was reconfirmed in synphilin-1-overexpressing
SH-SY5Y cells with noticeably increased localization of
cytosolic YAP (Supplementary Fig. 9A, B). Unlike cells on
glass substrates, HEK293 and Synph-293 cells placed on a
polyacrylamide (PA) gel with a lower stiffness (~50 kPa)
exhibited no difference in YAP localization patterns and
nuclear expression ratio (Supplementary Fig. 9C, D). On
the PA gels, the distribution of YAP expression through-
out cells was observed in both cells. Subsequently, the
phosphorylation level of YAP (Ser127) of cells on a con-
ventional cell culture dish was analyzed to confirm the
molecular change in YAP (Fig. 5J). Transient and stable
FLAG-synphilin-1 overexpression resulted in a 1.1-
and 1.4-fold increase in phosphorylated YAP (Ser127),
respectively (Fig. 5K). Conversely, the total YAP in both
conditions exhibited a reduction, showing a 0.9- and 0.8-
fold decrease, respectively, compared to each control
(Fig. 5L). Furthermore, the phosphorylated YAP level
reverted to a decreased state upon synphilin-1 knock-
down in Synph-293 cells (Supplementary Fig. 9E). Immu-
nofluorescence and western blotting analyses revealed
that synphilin-1 overexpression reduced the nuclear
translocation of YAP, constituting the mechanisms
underlying mechanotransduction.

Overall, our results suggest that synphilin-1 overex-
pression impedes substrate rigidity sensing capacity by
interacting with zyxin and inhibiting nuclear transloca-
tion of YAP (Fig. 6). These findings elucidate the novel
biophysical functions of synphilin-1 in regulating sub-
strate rigidity sensing.

Elevated collagen | expression in patients with PD and the
protective effects of synphilin-1 overexpression against
excessive collagen |

The ECM in the brain plays a crucial role in maintain-
ing tissue structure and function, with alterations in
ECM protein composition linked to various neurologi-
cal diseases. In particular, an increase in collagen I has
been observed in the brain tissue of patients with PD
[18, 19]. Given that collagen I can significantly increase
tissue stiffness [58], we analyzed omics data of colla-
gen I levels from the brain tissue of a patient with PD.

Transcriptomic analyses of the substantia nigra revealed
significant upregulation of both collagen type I alpha 1
(COL1A1l) and collagen type I alpha 2 (COL1A2) chains
in patients with PD [59, 60] (Supplementary Fig. 10A,
B). Transcriptomic data from the dorsal striatum, where
dopamine neurons project, showed a significant increase
in COL1A1 expression in both the putamen and caudate
regions [61] (Supplementary Fig. 10C, D). In addition,
proteomic analysis of the substantia nigra tissue showed
a marked increase in COL1Al expression in patients
with dopaminergic neuron loss [62] (Supplementary
Fig. 10E). These findings provide compelling evidence of
increased collagen I in the brains of patients with PD and
indicate that this change may adversely impact dopami-
nergic neurons.

To investigate the cellular effects of increased collagen I
and the role of synphilin-1 overexpression, we compared
cell viability between HEK293 and Synph-293 cells on
plates coated with progressively higher concentrations of
collagen I on a poly-L-lysine base. HEK293 cells showed
gradual reduction in viability as the concentration of
coated collagen I increased, with statistical significance
at the higher collagen I concentration (Supplementary
Fig. 11A). Conversely, Synph-293 cells showed no change
in cell viability across varying collagen I concentrations
compared with the control, demonstrating resistance to
collagen I-induced cytotoxicity (Supplementary Fig. 11B).
A comparison of the two cell types revealed a significant
difference in cell viability at increased collagen I concen-
trations (Supplementary Fig. 11C). To further explore
these protective effects, we constructed transcriptomic
and proteomic networks for Synph-293 cells utiliz-
ing IPA. The transcriptomic network predicted reduced
ECM binding and cytotoxicity alongside activation of
neuroprotection, showing interconnections between
these functions via molecular interactions (Supplemen-
tary Fig. 11D). The proteomic network revealed similar
patterns with the transcriptomic predictions (Supple-
mentary Fig. 11E). Finally, the integrated omics network
provided more apparent functional predictions than the
single-omics approaches (Supplementary Fig. 11F). These
results show that synphilin-1 overexpression may exert a
protective effect against toxicity induced by excessive col-
lagen I, which is elevated in PD.
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Fig. 5 Synphilin-1 interacted with zyxin in the cytosol and affected the subcellular location of YAP. A Expression patterns of synphilin-1 and zyxin in
Synph-293 cells (scale bar: 10 pm). Images represent one z-position of confocal z-stack images. B Scatter plot of the pixel intensity of synphilin-1 and
zyxin channels of cytosol area. C, D Co-immunoprecipitation (Co-IP) assay between synphilin-1 and zyxin. Cells were subjected to cross-linking using
1% formaldehyde before lysis. Cell lysates were immunoprecipitated with synphilin-1 (C) and zyxin antibodies (D). N.C.: negative control. E-G Predic-
tion of single protein and protein-protein structures using AlphaFold 3. Protein structures indicate zyxin with six Zn*" ions (E), FLAG-synphilin-1 (F), and
FLAG-synphilin-1-zyxin with six Zn’* ions (G). H Subcellular expression pattern of YAP in HEK293 and Synph-293 cells (scale bar: 10 pm). I Quantification
of nuclear YAP expression intensity ratio in synphilin-1-overexpressing HEK293 cells (n=27/27/16/16). Lines represent the mean +SD. Individual value is
represented as a hollow circle. J Protein expression of Ser127 phosphorylated YAP (pYAP (5127)) and total YAP in synphilin-1-overexpressing HEK293 cells.
K Relative expression level of pYAP (S127). L Relative expression level of total YAP. Data represent the mean + SD. Individual value is represented as a red

circle. Statistical significance was determined using an independent sample t-test with Levene’s test

Discussion

In this study, we analyzed the biophysical functions of
synphilin-1 in cells using a combined approach involv-
ing molecular biology, mechanobiology, and an inte-
grated omics methodology incorporating transcriptomic
and proteomic analyses. Our findings demonstrate that
synphilin-1 overexpression affected cellular shape and
the ability to sense substrate rigidity. Notably, Synph-
293-KD cells restored responsiveness to different
substrate stiffnesses. Comprehensive analysis of the bio-
physical mechanism of synphilin-1 overexpression using
integrated omics and in silico predictions elucidated the
molecular mechanisms associated with focal adhesion
formation, cell spreading, cellular protrusion retraction,
and cell contraction. Furthermore, we identified zyxin as
a binding partner of synphilin-1, elucidating its effects
on mechanosensing, particularly the synphilin-1 overex-
pression-induced inhibition of the nuclear localization of
YAP.

An elastomeric micropillar array system, specifically
PDMS-based submicron pillar arrays, was employed
to measure cellular forces. These arrays are recognized
for their ability to measure cell-generated forces at the
nano-newton level [21, 24, 63]. The system is particularly
advantageous for identifying the rigidity sensing ability of
cells in the early stages of spreading. This ability is attrib-
uted to the cells’ recognition of substrate rigidity through
actomyosin-based local contractions, which is reflected
in the distribution and direction of pillar deflections [27,
51]. The obtained pillar array results show that Synph-
293 cells provide insights into the morphological changes
observed on flat substrates. On the micropillar arrays,
Synph-293 cells exhibit a rounded morphology accom-
panied by the directed bending of most pillars beneath
them toward the center, indicating a lack of local con-
traction between adjacent pillars. The reduced number
of occupied pillars was similar to the observed decrease
in cell spreading area on flat substrates, suggesting an
alteration in cellular adhesion dynamics. These findings
suggest that Synph-293 cells fail to establish robust focal
adhesions and lamellipodial protrusions necessary for
mechanosensing and spreading. The hindered extension
of protrusions toward unexplored pillars likely results in
reduced cellular spreading and a retraction toward the

center, reinforcing a passive shrinkage behavior rather
than an active substrate exploration. Remarkably, these
phenomena were reversed upon synphilin-1 knockdown
in Synph-293 cells. Our study revealed that synphilin-1
overexpression induced cellular retraction toward the
center, accompanied by diminished local contractions,
suggesting a potential role for synphilin-1 in altering cel-
lular morphology and behavior.

Despite the identification of a limited number of locally
contracting pillar pairs in the single time point of pillar
maps of Synph-293 cell edge, in the pillar high-speed
photographs, the presence of step-fitted pillar pairs was
exclusively detected in HEK293 and Synph-293-KD cells.
This observation suggests a plausible scenario wherein,
even if adjacent pillars are connected to form a con-
tractile unit in Synph-293 cells, their functional efficacy
appears compromised. Furthermore, our findings directly
demonstrated that synphilin-1 overexpression induced
the loss of cellular rigidity sensing ability on substrate
stiffness, a crucial mechanism in cellular responses to the
microenvironment. However, this loss of rigidity sens-
ing proved amenable to effective restoration through
synphilin-1 knockdown. These results elucidate the intri-
cate interplay between synphilin-1 expression and cellu-
lar responses, highlighting the potential of manipulating
synphilin-1 expression to modulate cellular behavior and
rigidity sensing in various contexts.

Our findings on PDMS substrates of varying stiffness
demonstrated that Synph-293 cells did not respond to
substrate stiffness, as there were no changes in cell area
or focal adhesions. It suggests that overexpression of
synphilin-1 impairs the ability of cells to sense mechani-
cal cues. Supporting this notion, synphilin-1 knockdown
restored the responses on diverse substrate stiffness,
indicating that synphilin-1 may regulate mechanosens-
ing capacity. In the present study, a detailed relationship
between actin and focal adhesions, as well as real-time
imaging, was not analyzed. Future studies incorporat-
ing co-staining and live-cell imaging in our system will
provide a better understanding of synphilin-1’s effect on
cytoskeletal dynamics and mechanotransduction.

In the context of rapid advancements in high-
throughput technologies, omics analyses, encompass-
ing transcriptomics and proteomics, have emerged as
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Fig. 6 Synphilin-1 regulated substrate rigidity sensing by interacting with zyxin and affecting YAP localization. Under conditions of synphilin-1 overex-
pression, the following observations were made. Synphilin-1 interacts with endogenous zyxin in the cytosol. This interaction reduces the transportation
of zyxin into complexes containing focal adhesion and causes interference in mechanotransduction signaling, especially signaling through the nuclear
translocation of YAP. Therefore, synphilin-1-overexpressing cells on the pillar array are unable to spread to further pillars, and they retract their protrusions.
In addition, the synphilin-1-overexpressing cells do not respond to substrates of various stiffness through changes in morphology, including spreading
area and focal adhesion. These phenomena can be reversed by synphilin-1 knockdown in cells overexpressing synphilin-1

indispensable tools for unraveling complex biological
mechanisms [39]. Each omics analysis offers insights
into the molecular expression changes associated with
pathology and biological functions, facilitating a closer
understanding of the underlying cellular processes [40].
Nevertheless, inherent limitations persist within each
singular omics analysis. For example, transcriptomics
analysis falls short of elucidating variations in the “end
products” pattern, whereas, in proteomics analysis,
limitations persist regarding detecting low-abundance
proteins [64]. Consequently, multi-omics integration is
required to capture the entirety of biological heteroge-
neity by combining insights from each omics layer [65].
In addition, machine learning-based algorithms can be
employed to mitigate biases in omics analyses [65, 66].
In this study, we conducted comprehensive analyses of

the transcriptome and proteome to identify the biophysi-
cal functions of synphilin-1, integrating data from both
omics layers to counterbalance inherent limitations and
maximize the strengths of each single omics analysis.
These analyses yielded consistent in silico predictions of
four biological functions: formation of focal adhesions,
cell spreading, retraction of cellular protrusions, and
cellular contraction. Omics analysis will be a powerful
approach for further elucidating synphilin-1’s functional
and physiological roles beyond the mechanobiological
perspective. Future studies integrating additional omics
layers, such as microRNA, phosphoproteome, and
metabolome analyses, with machine learning-based
approaches will provide a more comprehensive under-
standing of synphilin-1’s broader biological significance,
including mechanobiological functions.



Kim et al. Journal of Nanobiotechnology (2025) 23:345

Zyxin, a focal adhesion protein extensively investigated
for its crucial role in cellular mechanotransduction [67],
has been implicated in orchestrating cellular responses
to substrate rigidity. Notably, fibroblasts subjected to
zyxin knockdown exhibited impaired responses to sub-
strate rigidity, manifesting as alterations in the cell area,
focal adhesion area, and cell traction stress [35]. Consid-
ering the role of zyxin and our results indicating a cyto-
solic interaction between synphilin-1 and zyxin, it can
be inferred that synphilin-1, identified as a novel bind-
ing partner of zyxin, may modulate cell morphology and
reduce rigidity sensing ability by inhibiting focal adhe-
sions and mechanotransduction signaling. YAP, an evo-
lutionarily conserved mechanotransducer, senses various
mechanical signals, such as shear stress, cell shape, and
ECM rigidity, translating these inputs into cell-specific
transcriptional programs [53]. The cellular localization of
YAP was affected by substrate stiffness, with softer sub-
strates promoting cytoplasmic retention and stiffer sub-
strates inducing nuclear translocation [68]. In addition,
zyxin has been reported as a positive regulator of YAP
signaling, engaging in the mediation of Siah2-Lats2 and
CDKS [54, 55]. Ma et al. demonstrate that zyxin knock-
down increases Ser127 phosphorylation of YAP and
reduces its nuclear translocation, explaining this mecha-
nism as zyxin forming a ternary complex with Lats2 and
Siah2, facilitating Lats2 ubiquitination and degradation,
which leads to YAP dephosphorylation and activation
[54]. Zhou et al. showed that zyxin knockdown increases
Ser127 phosphorylation of YAP, describing the mecha-
nism as zyxin regulating YAP through CDKS [55]. In this
study, we observed a reduction in the nuclear localiza-
tion of YAP in synphilin-1-overexpressing cells on the
glass substrate. However, no difference was observed
between HEK293 and Synph-293 cells cultured on PA
gel substrates with much lower stiffness than glass sub-
strate. Our findings suggest that synphilin-1 hindered the
nuclear translocation of YAP by binding with zyxin, lead-
ing to diminished rigidity sensing, particularly on stiff
substrates.

While synphilin-1 has been predominantly studied in
neuronal tissues, its expression has also been detected
in non-neuronal tissues, including the cervix, endo-
metrium, and ovary (The Human Protein Atlas version
24.0, www.proteinatlas.org/ENSG00000064692-SNCA
IP/tissue) [69]. This observation raises the question of
whether synphilin-1’s role is beyond neuronal systems.
Future studies utilizing cells from multiple tissue types
would be valuable in determining whether the effects of
synphilin-1 are conserved across various cell types, par-
ticularly in mechanically dynamic environments.

The effect of synphilin-1 on substrate rigidity sens-
ing may result from its interactions with several pro-
teins, including its binding to zyxin. Li et al. reported
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that synphilin-1 enhanced neurite growth in differen-
tiated N1E-115 mouse neuroblastoma cells, whereas
synphilin-1 knockdown induced shortened neurite out-
growth [15]. In addition, synphilin-1-overexpressing
N1E-115 cells exhibited a reduced cell body area, as
observed in HEK293 and SH-SY5Y cells. Synphilin-1
encompasses three domains, namely ankyrin repeats, a
coiled-coil domain, and ATP/GTP-binding motifs, which
facilitate its binding to various types of cytoplasmic pro-
teins, including a-synuclein, PRKN, SIAH, PINK1, and
AMPK [1, 6, 8, 13, 70]. Moreover, synphilin-1 has been
reported to bind to phospholipids, including phospha-
tide acid, phosphatidylserine, and phosphatidylglycerol,
predominantly localized within cellular membranes [14],
and to peripheral membrane proteins, such as SH2D3C
[12]. Further studies on its interactions with other bind-
ing proteins are imperative to understand its biophysical
functions fully.

Recent findings highlight the alteration of ECM, par-
ticularly collagen I, in PD-affected brains [18, 19]. We
identified a significant increase in collagen I expression
in the substantia nigra and striatum of patients with
PD. This elevation in collagen I likely contributes to
increased tissue stiffness, which could adversely affect
neuronal survival and function by altering the mechani-
cal properties of the brain microenvironment. A previ-
ous study has reported decreased neuronal cell viability
with increasing substrate stiffness, as well as reduced
neuroprotective effects of hormetic chemicals against
6-hydroxydopamine-induced toxicity in PD models
under stiff substrate conditions, thus supporting the find-
ings of the current study [71]. Additionally, Tripathi et al.
reported that transcriptomic analysis of dopaminergic
neurons from patients with PD exhibiting PINK1/PRKN
mutations revealed activation of focal adhesion and
ECM receptor pathways [72]. These findings suggest that
ECM alterations, particularly increased collagen I depo-
sition, may contribute to the pathophysiology of PD by
modulating cellular adhesion and mechanotransduction.
Therefore, targeting ECM remodeling or mechanotrans-
duction pathways could represent a novel therapeutic
approach for mitigating neuronal vulnerability in PD.
We demonstrate that synphilin-1 overexpression confers
a protective effect against excessive collagen I-induced
cytotoxicity, suggesting a protective mechanism through
the regulation of mechanosensing. Further research is
warranted to explore the mechanistic underpinnings of
ECM-neuron interactions in PD.

Conclusion

Our findings demonstrate a novel biophysical func-
tion of synphilin-1 in substrate rigidity sensing through
binding with zyxin. In addition, biophysical mechanism
analysis using integrated omics enabled a precise and
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comprehensive elucidation of the mechanisms under-
lying focal adhesion formation, cell spreading, retrac-
tion of cellular protrusions, and cellular contraction.
These mechanobiological and integrated omics-based
approaches offer a groundbreaking perspective for eluci-
dating the universal functions of synphilin-1. Moreover,
our findings highlight the biophysical role of synphilin-1
in cellular mechanosensing and its potential to mitigate
adverse cellular responses to ECM changes associated
with PD.
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