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Abstract: Evidence indicates that dysfunctional heterogeneous ribonucleoprotein A1 (hnRNPA1;
A1) contributes to the pathogenesis of neurodegeneration in multiple sclerosis. Understanding
molecular mechanisms of neurodegeneration in multiple sclerosis may result in novel therapies that
attenuate neurodegeneration, thereby improving the lives of MS patients with multiple sclerosis.
Using an in vitro, blue light induced, optogenetic protein expression system containing the optogene
Cryptochrome 2 and a fluorescent mCherry reporter, we examined the effects of multiple sclerosis-
associated somatic A1 mutations (P275S and F281L) in A1 localization, cluster kinetics and stress
granule formation in real-time. We show that A1 mutations caused cytoplasmic mislocalization, and
significantly altered the kinetics of A1 cluster formation/dissociation, and the quantity and size of
clusters. A1 mutations also caused stress granule formation to occur more quickly and frequently in
response to blue light stimulation. This study establishes a live cell optogenetics imaging system to
probe localization and association characteristics of A1. It also demonstrates that somatic mutations
in A1 alter its function and promote stress granule formation, which supports the hypothesis that A1
dysfunction may exacerbate neurodegeneration in multiple sclerosis.

Keywords: hnRNPA1; mutations; optogenetics; stress granules; multiple sclerosis

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease with a significant neurodegenerative
component characterized by inflammation-mediated demyelination of neuronal axons, and
subsequent neurodegenerative axonal and neuronal cell loss [1]. Current research posits a
multitude of molecular mechanisms underlying MS-associated neurodegeneration, many
of which likely interact to initiate and exacerbate each other. Studies have shown that mito-
chondrial injury, microglial activation, reactive oxygen species, and apoptosis contribute to
axonal injury [2–8]. Other studies implicate increased energy demands and the reduction
of ATP production in axons, resulting in ‘virtual hypoxia’ [9–11]. Neurodegeneration can
also be driven by inflammatory cytokines, autoantibodies, a lack of trophic support from
myelin, glutamate toxicity, endoplasmic stress, altered iron homeostasis, and abnormal
sodium channel expression on, and calcium accumulation within, damaged axons [12–22].
In addition, our lab and others have demonstrated a substantial role for RNA binding
protein (RBP) dysfunction, including that of heterogeneous nuclear ribonucleoprotein A1
(hnRNPA1, or A), in the pathogenesis of MS and relevant MS models [9,23–31].

Int. J. Mol. Sci. 2021, 22, 2909. https://doi.org/10.3390/ijms22062909 https://www.mdpi.com/journal/ijms

https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5473-7479
https://orcid.org/0000-0001-7594-4514
https://orcid.org/0000-0002-3880-9193
https://doi.org/10.3390/ijms22062909
https://doi.org/10.3390/ijms22062909
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ijms22062909
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms22062909?type=check_update&version=2


Int. J. Mol. Sci. 2021, 22, 2909 2 of 21

RBPs, including TAR DNA-binding protein 43 (TDP-43), Fused in Sarcoma (FUS) and
T-cell-restricted intracellular antigen-1 (TIA1), and A1, function in many facets of RNA
metabolism, as well as in other important cellular mechanisms [32–34]. For example,
A1 plays a significant role in RNA splicing and RNA nucleocytoplasmic transport to ri-
bosomal targets [35,36]. With two N-terminal RNA recognition motifs (RRMs) that bind
RNA, it facilitates mRNA transit from nucleus to cytoplasm via the M9 nucleocytoplas-
mic transport domain found within its C-terminal prion-like domain (PrLD) (Figure 1A,
schematic) [37–39]. The PrLD of A1 functions similarly to that of other RBPs and can mediate
self- and non-self protein-protein interactions [40–44]. Reports from our lab have proposed
that A1 self-interaction, mediated by M9 within the PrLD of A1, may lead to A1 protein dys-
function, and play a role in MS pathogenesis [25]. Specifically, our lab has previously shown
the cytoplasmic mislocalization of A1 within neurons in the brains of MS patients, as well
as in neurons from an MS-like animal model, experimental autoimmune encephalomyelitis
(EAE) [28–31]. To molecularly understand how A1 becomes mislocalized and aggregated,
our lab also assessed the mutation profile of A1 in cells from MS patients, and found an
accumulation of significant somatic single nucleotide variants (SNVs) in the PrLD of A1 [25].
Further characterization showed that A1 PrLD mutations in the M9 sequence induce its mis-
localization by prohibiting Transportin 1 (TNPO1) from properly binding to the M9 region
and transporting A1 back to the nucleus [25,45,46]. This data is corroborated by studies in
other neurodegenerative disorders (e.g., amyotrophic lateral sclerosis (ALS), frontotemporal
lobar degeneration, and Alzheimer′s and Huntington′s diseases), showing that mutations
within the PrLD of RBPs alter protein-protein interactions, leading to mislocalization and
aggregate formation that influence cellular processes [47–50].
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Figure 1. MS-associated A1 mutations F281L and P275S are mislocalized to the cytoplasm. Immunofluorescence of non-
stimulated, HEK293Tcells expressing optogenetic fusion proteins of (A) full-length, wild-type A1 (OptoA1WT), (B) 
A1(F281L) (OptoA1(F281L)), (C) A1(P275S) (OptoA1(P275S)) and (D) Opto-mCh 12 h post-transfection. The cytoplasm is 
delineated by staining for G3BP1 (green), while nuclei are outlined (white outlines) using DAPI staining in merged images. 
Scale bars = 5 µm. (E) Cytoplasmic/nuclear fluorescence intensity ratio analysis of OptoA1 fusion proteins and Opto-mCh. 
The experimental ratios of five fields of view, per three independent experiments, were quantified and graphed in jitter 
plots, demonstrating that no one experiment drove the variation. Data shown are mean ± S.E.M. for three biological rep-
licates. One-way ANOVA, with a Tukey post hoc test, was performed to indicate significance. **** p < 0.0001. 

Figure 1. MS-associated A1 mutations F281L and P275S are mislocalized to the cytoplasm. Im-
munofluorescence of non-stimulated, HEK293Tcells expressing optogenetic fusion proteins of (A) full-
length, wild-type A1 (OptoA1WT), (B) A1(F281L) (OptoA1(F281L)), (C) A1(P275S) (OptoA1(P275S))
and (D) Opto-mCh 12 h post-transfection. The cytoplasm is delineated by staining for G3BP1
(green), while nuclei are outlined (white outlines) using DAPI staining in merged images. Scale
bars = 5 µm. (E) Cytoplasmic/nuclear fluorescence intensity ratio analysis of OptoA1 fusion proteins
and Opto-mCh. The experimental ratios of five fields of view, per three independent experiments,
were quantified and graphed in jitter plots, demonstrating that no one experiment drove the variation.
Data shown are mean ± S.E.M. for three biological replicates. One-way ANOVA, with a Tukey post
hoc test, was performed to indicate significance. **** p < 0.0001.

RBP mislocalization, aggregation, and dysfunction can be linked to altered cellular
survival or death through alterations of stress granule (SG) dynamics [51–53]. SGs are
membraneless organelles that form upon cell stress induction, and primarily function
to protect mRNA and proteins from cell stress-associated degradative processes [54,55].
Upon the resolution of the stress, SGs dissociate and release their protected materials.
Current research suggests that neurodegenerative disease-related RBP aggregation may
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affect SG formation and dissociation kinetics, but the mechanisms of how this may occur
are still under debate. We and others hypothesize that protein aggregates may induce cell
stress through the integrated stress response pathway or may form SGs under liquid-liquid
phase separation mechanisms [43,51,53,56].

Current techniques to study and link protein aggregation dysfunction with altered
cellular mechanisms in live cells and animals are limited. However, breakthroughs in
protein optogenetics are showing promise in the field. One optogenetic approach uses the
Cryptochrome 2 protein from Arabidopsis thaliana, which contains a photolyase-homologous
region (Cry2PHR) that undergoes reversible homo-oligomerization in response to blue
light (BL) [57]. Utilizing this protein, ALS researchers have recently shown spatiotemporal
induction of TDP-43 aggregation in human induced pluripotent stem cell-derived neurons
upon BL stimulation. Further, the authors showed that inhibiting TDP-43 aggregation
by blocking self-interaction in the presence of aggregation light stimuli promotes neuron
survival [50]. Another study has recently utilized this technique to spatiotemporally
assemble SG-like membraneless organelles, without inducing a cell stress, and found that
persistent or repetitive formation of SG-like assemblies led to cytotoxicity in U2OS cancer
cells [58]. Thus, by coupling Cry2PHR optogenetics with our research in A1, we aimed
to further understand A1 self-association dynamics in live cells and test whether altered
A1 self-association dynamics affect SG induction without the treatment of an exogenous
stressor.

In this study, we established an optogenetic system to permit finely tuned manipu-
lation and kinetic analysis of A1 self-association and dissociation dynamics, and protein
mislocalization. We demonstrate its utility by defining the self-association and dissociation
dynamics, and cluster characteristics of two previously published MS-associated A1 mu-
tants, F281L and P275S, located within the A1 M9 nucleocytoplasmic transport sequence of
the PrLD [25]. This study shows that our A1 optogenetic system is representative of mean-
ingful biological activity in the cell by connecting distinct A1 self-association clustering
phenotypes to differences in the cells′ SG response. We demonstrate that A1 M9 mutations
alter A1 self-association and dissociation cluster kinetics, and the quantity and size of A1
clusters within the cytoplasm of cells. We further show that A1 mutant clusters affect SG
formation by increasing the occurrence of and A1 co-localization with SGs, as measured by
the SG core protein Ras GTPase-activating protein-binding protein 1 (G3BP1). Together,
these experiments provide a proof-of-concept for an A1 optogenetic system in assessing
the molecular consequences of MS-associated A1 dysfunction in MS pathogenesis.

2. Results
2.1. A1 PrLD Mutations Exacerbate A1 Cytoplasmic Mislocalization

We first sought to expand on our original characterization of MS-associated somatic
A1 mutant mislocalization by defining the individual influence of each A1 mutation on
its nucleocytoplasmic mislocalization, altered protein-protein interactions, and attenuated
cellular function [28–31]. We leveraged the optogenetic Cry2PHR protein tag to stimulate
mutant and wild-type A1 self-association, coupled with live-cell imaging of A1 local-
ization and multimerization dynamics. We first verified that wild-type and mutant A1
localization patterns were not affected by the Cry2PHR and mCherry tags, which were
located on the N- and C- terminal of A1, respectively (see Cloning Methods). We evaluated
the mislocalization of two previously described A1 PrLD mutants, F281L and P275S, in
the absence of exogenous cellular treatments [25]. As most published MS mutations are
present in progressive forms of MS, we chose two individual M9 mutations (F281L and
P275S) that our lab previously discovered in patients with primary progressive MS [25].
Additionally, both mutations were previously discovered in the M9 region of the A1 PrLD,
where TNPO1 binds, and while both clearly result in A1 cytoplasmic accumulation, the
severity of this mislocalization has not been fully described [25]. To address this, we
generated optogenetic Cry2PHR-A1-mCherry expression constructs of wild-type (WT;
OptoA1WT) and mutant A1 (OptoA1(F281L) and OptoA1(P275S)) and expressed these in
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HEK293T cells for 12 h before subsequent experimentation and analysis (Figure 1A–C). As
a negative control, we also designed and examined an empty Opto-mCherry (Opto-mCh)
construct (Figure 1D). In the absence of BL stimulation, and with care taken to prevent
exposure to environmental BL, we observed a predominant cytoplasmic fluorescence sig-
nal for the negative control Opto-mCh (Figure 1D,E), while the OptoA1WT (Figure 1A,E)
demonstrated a predominant nuclear localization consistent with homeostatic A1 behavior.
Consequently, when we compared WT and mutant A1 cellular expression in HEK293T cells
via immunocytochemistry (ICC), we found that OptoA1 (F281L) and OptoA1 (P275S) both
exhibited significantly increased cytoplasmic mislocalization as compared to OptoA1WT
(Figure 1B,C,E), confirming previous observations by Lee et al. (2014) [25]. Interestingly,
when the cytoplasmic expression of both mutants was quantified relative to nuclear sig-
nal, OptoA1 (P275S) mislocalized significantly more than OptoA1(F281L) (Figure 1E),
expanding upon our previously published observations [25].

2.2. Blue Light Stimulation Facilitates Reversible A1 Self-Association without Inducing Cell Stress

To establish the use of our OptoA1 system for kinetic analysis of A1 self-association
and dissociation, we examined several controls to validate the reliability and accuracy
of our system. First, we confirmed that the Opto-mCh tags themselves, and the tran-
sient protein expression of our system, do not drive protein clustering in the absence of
BL stimulation. When we carried out live-cell imaging of Opto-transfected cells with-
out BL stimulation over 180 min, there was no cluster formation by any of the OptoA1
constructs (WT, F281L, P275S) under the conditions we used for our subsequent experi-
ments (200 ng plasmid DNA, beginning imaging at 12 h post-transfection) (Supplemental
Figure S1A–C; Supplemental Video S1A–C). Next, we verified that BL stimulation specifi-
cally and exclusively drove clustering of Opto-mCh tagged proteins. Our BL stimulation
paradigm (Figure 2A) consisted of BL exposure with 465 nm BL for 120 min (min; BL ON)
to induce OptoA1 self-association, with quantification of cytoplasmic mCh A1 clusters
every minute during stimulation. After 120 min, we ceased BL stimulation (BL OFF),
and followed with 60 min of non-stimulation to allow for A1 cluster dissociation back
into the protein’s monomeric form, again quantifying cytoplasmic mCh A1 clusters every
minute (Figure 2A). Using this paradigm, we first verified that clustering is specifically
facilitated by BL stimulation of the Opto-tagged protein by comparing the effects of BL
stimulation of OptoA1WT and A1WT-mCh (lacking the Cry2PHR Opto-tag) on construct
self-association and dissociation with live-cell imaging. We found OptoA1WT only re-
sponded to BL stimulation, while the A1WT-mCherry construct showed no cluster forma-
tion, confirming that A1 clustering was specifically facilitated by the Cry2PHR in response
to BL stimulation (Figure 2B–D; Supplemental Video S2A,B).
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mCh and OptoA1(PrLD). (A) Schematic of BL-inducible A1 self-association using the Cry2PHR 
optogene (blue), A1 protein (green) and mCh fluorescent tag (red). (B) Quantification of A1 cluster 
formation and dissociation during and following a BL stimulation protocol. HEK293T cells ex-
pressing OptoA1WT (green), A1WT-mCh (orange), Opto-mCh (magenta), or OptoA1(PrLD) (yel-
low) were exposed to BL stimulation (10,000 lux, 465 nm) for 120 min followed by 60 min of non-

Figure 2. OptoA1WT responds differently to BL stimulation as compared to A1WT-mCh, Opto-
mCh and OptoA1(PrLD). (A) Schematic of BL-inducible A1 self-association using the Cry2PHR
optogene (blue), A1 protein (green) and mCh fluorescent tag (red). (B) Quantification of A1 cluster
formation and dissociation during and following a BL stimulation protocol. HEK293T cells expressing
OptoA1WT (green), A1WT-mCh (orange), Opto-mCh (magenta), or OptoA1(PrLD) (yellow) were
exposed to BL stimulation (10,000 lux, 465 nm) for 120 min followed by 60 min of non-stimulation.
Results are plotted as a percent maximum to the highest cluster response at 120 min for each OptoA1
construct, resulting in a kinetics curve for association and dissociation dynamics. Dashed lines
indicate KA1/2Max, while dash-dotted lines indicate KD1/2Max. Data shown are mean ± S.E.M. for
three biological replicates. Representative images of BL stimulated cells transfected with A1WT-mCh
(C), OptoA1WT (D), Opto-mCh (E) and Opto-A1(PrLD) (F) are shown. Since Opto-A1(PrLD) forms
clusters within minutes of BL exposure, both a long and short BL stimulation timeframe is shown in
(F). Arrows indicate the formation of OptoA1 clusters. Stars indicate cells with Opto-mCh cluster
(non-A1) formation. Scale bars = 5 µm. * p < 0.05; ** p < 0.01; **** p < 0.0001.

To further attest that the observed effects of BL stimulation on OptoA1WT kinetics are
defined by the properties of A1, and not due to the Opto and mCherry tags, we compared
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the effect of BL stimulation kinetics between OptoA1WT and Opto-mCh (lacking the A1
gene) (Figure 2B,E). We found that OptoA1WT association kinetics are distinct from Opto-
mCh, where OptoA1WT formed cytoplasmic clusters at a half-maximal kinetic association
rate (KA1/2Max) of 55 min, compared to a KA1/2Max of 64 min for Opto-mCh (Figure 2B,D,E;
Supplemental Video S2B,C). We also found that OptoA1WT clusters dissociated more efficiently
than Opto-mCh clusters (67± 8% (S.E.M.; 95% confidence level (CL)) total dissociation from
the max percent cellular cluster formation at the height of the stimulation cycle, compared to 33
± 8% (S.E.M.; 95% CL), respectively], when comparing the percent maximal cluster response
at 120 min to the end-point cluster response at 180 min (Figure 2B). These observations
demonstrated that Opto-mCh kinetics are different than with inclusion of the A1 gene, which
is consistent with other published reports on Opto-mCh [50,58,59], and that the properties of
the A1 protein affect the self-association interaction dynamics of OptoA1.

We further described the specificity of A1 in our optogenetics system by BL stimu-
lation of an Opto-PrLD construct that contained the entire PrLD of A1 without its RRMs
(i.e., amino acids 191–320) and compared its kinetics with both full-length OptoA1WT
and Opto-mCh (Figure 2B,D,F). Our results demonstrated that Opto-PrLD self-association
kinetics were significantly faster than OptoA1WT and Opto-mCh [KA1/2Max of 5 min],
and that once formed, they did not dissociate upon cessation of BL, indicating that the
PrLD of A1 drives the self-association effect, and that the Opto tag only facilitates in ini-
tiating self-interaction (Figure 2B,F; Supplemental Video S2D,E). These observations are
strengthened by a previous report by Shin et al., wherein the authors performed similar
experimentation with a Cry2-PrLD construct and found that the PrLD of A1 drives A1
self-association kinetics [59].

2.3. A1 Protein Self-Association Kinetics Are Altered by PrLD Mutations

Having established the utility of the OptoA1 system for examining the kinetics of A1
self-association, we then used this system to determine the effects that A1 mutations have on its
association/dissociation dynamics. As noted above, with BL ON, OptoA1WT formed cytoplas-
mic clusters at a KA1/2Max of 55 min, while after BL OFF, OptoA1WT clusters dissociated back
into monomeric species at a KD1/2Max of 18min (i.e., 18 min after BL stimulation has ceased
at 120 min, or 138 min from the start of experimentation) (Figure 2B,D; Supplemental Video
S2B). When we introduced the OptoA1(F281L) mutation, the associative kinetics of A1 occurred
significantly faster with a KA1/2Max of 42 min (Figure 3Ai,B; Supplemental Video S3A). The dis-
sociative kinetics for OptoA1(F281L) occurred similarly to OptoA1WT, with a KD1/2Max of 21
min; however, OptoA1WT clusters dissociated more efficiently than OptoA1(F281L) clusters,
with 67± 8% (S.E.M.; 95% confidence level (CL)) total dissociation from the max percent cellular
cluster formation at the height of the stimulation cycle, compared to F281L total dissociation of
49 ± 9% (S.E.M.; 95% CL) (Figure 3Ai; Supplemental Video S3A). OptoA1(P275S) also caused
faster cluster formation, with a KA1/2Max of 40 min (Figure 3Aii,C; Supplemental Video S3B),
but surprisingly, also dissociated significantly faster than OptoA1WT clusters initially, with a
KD1/2Max of 11 min (Figure 3Aii; Supplemental Video S3B), while ultimately achieving a similar
total dissociation to OptoA1WT (69± 8% total dissociation (S.E.M.; 95% CL)). Critically, and
in comparison to Opto-mCh (Figure 2E) or OptoA1(PrLD) lacking RRMs (Figure 2F), we only
observed OptoA1 cluster formation for all three full-length A1 constructs in the cytoplasm,
with nuclear OptoA1 being predominantly diffuse, regardless of mutation (Figures 2D and
3A,B; Supplemental Videos S2B and S3A,B). This further demonstrates that cluster formation is
regulated by and representative of characteristics of the A1 protein itself. Thus, we find that A1
PrLD mutations affect A1 clustering kinetics and show that each mutation has a distinct impact.
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of BL stimulated OptoA1 clusters per cell at peak stimulation (120 min of BL ON) combined from
three biological experiments. (E) Quantification of BL stimulated OptoA1 clusters sizes at peak
stimulation (120 min of BL ON) combined from three biological experiments. One-way ANOVA,
with a Tukey post hoc test, was performed to indicate significance between cluster number and sizes.
Data shown are mean ± S.E.M. for three biological replicates. * p < 0.05; ** p < 0.01; *** p < 0.001;
**** p < 0.0001.

2.4. A1 Protein Cluster Characteristics Are Altered by PrLD Mutations

A1 clusters formed during the kinetics study were also analyzed based upon the
average number of cytoplasmic OptoA1 clusters formed per cell over the course of the
BL induction experiment. Overall, we observed significantly fewer clusters per cell with
OptoA1(F281L) and significantly more OptoA1(P275S) clusters per cell as compared to
OptoA1WT cells (Figure 3D). In addition, we found that the average cluster sizes of Op-
toA1(F281L) and OptoA1(P275S) were both significantly larger than OptoA1WT clusters
(Figure 2E). Interestingly, the cluster size difference between OptoA1(F281L) and Op-
toA1(P275S) was also different, with OptoA1(F281L) forming significantly larger clusters
(Figure 3E). This data indicates that the MS-associated A1 mutations not only influenced
A1 self-association and dissociation dynamics, but also affected the physical characteristics
of A1 clusters.

2.5. A1 Protein Clusters Co-Localize with Stress Granules

Having established the specificity and dynamics of OptoA1 self-association, we next
sought to confirm that OptoA1 self-association has biologically relevant effects on the
cell. Considering that the literature has established SG formation in response to A1 mislo-
calization in multiple systems [26,27,30], we sought to monitor SG formation kinetics in
response to OptoA1 cluster formation. Initially, we verified that BL alone does not induce a
cellular stress and confound our system by stimulating non-transfected HEK293T cells for
120 min, followed by Western immunoblotting for phosphorylated elongation initiation
factor 2α (p-eIF2α). eIF2α is non-phosphorylated under homeostatic conditions, but is
rapidly phosphorylated during cell stress, which induces the ISR pathway. As a positive
control for cell stress, we treated non-transfected HEK293T cells with sodium arsenite
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(NaAsO2) for 30 min, and as a negative control, collected protein from non-transfected,
non-treated HEK293T cells. Our results show that BL stimulation alone did not induce
cell stress in our HEK293T cells, as indicated by a lack of p-eIF2α signal in our BL treated
samples, and thus would not be a variable in our subsequent kinetic studies (Supplemental
Figure S2).

We next examined OptoA1WT transfected HEK293T cells after 120min of BL stimu-
lation for SG formation. When we stained the cells for endogenous G3BP1, the core SG
marker protein, these cells showed a SG-like response comparable to NaAsO2 treatment
(positive control for SG formation) (Figure 4A; Supplemental Figure S3) [60]. To further as-
sess whether we formed endogenous SGs, or non-specific SG-like structures, we co-stained
for TDP-43, a protein shown in literature to co-localize with SGs upon their formation, in
both BL-stimulated and NaAsO2-treated cells [61]. We observed co-localization between
G3BP1, TDP-43 and OptoA1WT in our SG structures, indicating that OptoA1WT clusters
can promote endogenous SG formation (Figure 4A; Supplemental Figure S3).
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Figure 4. Cells containing OptoA1(F281L) and OptoA1(P275S) mutant clusters have more SG for-
mation and altered A1 to SG co-localization. (A) Immunofluorescence of 120-min BL stimulated
HEK293T cells expressing OptoA1WT, OptoA1(F281L) and OptoA1(P275S) constructs (grey), co-
staining for endogenous G3BP1-positive SGs (green). DAPI (blue) indicates the nuclei of cells in
merged images. Arrows indicate OptoA1 cluster and SG puncta co-localization. Scale bars = 5 µm.
(B) Quantification of the percent of transfected OptoA1 cells that contained both A1 clusters
and G3BP1-positive SG. (C) Quantification of A1 cluster and G3BP1-positive SG co-localization.
Data shown are mean ± S.E.M. for three biological replicates. Co-localization was performed using
ImageJ Coloc2 assessed using Pearson’s correlation coefficients. One-way ANOVA, with a Tukey post
hoc test, was performed to indicate significance between percent transfected cells with A1 clusters
and SG puncta, and Pearson′s correlation coefficients. * p < 0.05; ** p < 0.01; **** p < 0.0001; NS = Not
Significant.

When we analyzed OptoA1(F281L) and OptoA1(P275S), we found a significant in-
crease in the formation of SGs as indicated by G3BP1 punctum formation, as compared to
OptoA1WT (Figure 4A,B). Interestingly, OptoA1(F281L)-transfected cells further showed
significantly more SG formation than OptoA1(P275S) (Figure 4A,B). In cells with both A1
clusters and SGs, we analyzed co-localization between OptoA1 and G3BP1-positive SGs.
OptoA1WT and OptoA1(P275S) both showed a very strong positive correlation with SG
localization with no significant difference; while OptoA1(F281L) clusters also showed a
strong, positive correlation with SG localization, it was significantly lower than with the
other two constructs (Figure 4C). Overall, this data indicates that mutations in A1 can
influence the formation of SGs.
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2.6. A1 Protein Clustering Promotes Stress Granule Formation

To determine whether the formation of A1 clusters directly affect SG formation,
we next paralleled our exploration of cluster association kinetics in HEK293T cells trans-
fected with both OptoA1 and a GFP-tagged G3BP1 protein. Previous literature has shown
that G3BP1 over-expression forms SGs non-specifically [62–64], and so we determined
that the low levels of SG formation caused by GFP-G3BP1 transfection alone (i.e., without
OptoA1 co-transfection) (Figure 5A–D; black curve) represents baseline SG formation in
our system. We considered G3BP1 SG formation varying from this baseline to be directly
affected by OptoA1 cluster formation, since we determined that BL alone did not induce
cell stress (Supplemental Figure S3). To compare the effects of OptoA1 on SG formation,
we determined the baseline KA1/2Max SG formation response to be 46 min, with a maximal
SG puncta response of 49 ± 9% (S.E.M.; 95% CL) (Figure 5A–D; black line). In addition,
we assessed the effect of the Opto and mCherry tags on SG formation using Opto-mCh
(Figure 5A). We found that Opto-mCh cluster formation increased SG assembly KA1/2Max
by 24min above baseline, with a maximal SG puncta response of 75 ± 7% (S.E.M.; 95%
CL) (Figure 5A; Supplemental Video S4A). We determined this effect represented a non-
specific response to protein clustering, and as we observed with A1 kinetics, any alterations
from this Opto-mCh standard would be because of A1. Interestingly, the proportion of
SG-positive transfected cells formed by Opto-mCh did not significantly increase compared
to GFP-G3BP1 only (Figure 5Ai,Aii,E), indicating that while Opto-mCh affected the rate of
SG formation, it did not affect maximal SG formation.

When we analyzed the OptoA1 constructs, we found that OptoA1WT cluster forma-
tion caused SG assembly with a KA1/2Max of 27 min above baseline (Figure 5B; Supplemen-
tal Video S4B), with a maximal SG puncta response of 72± 8% (S.E.M.; 95% CL) (Figure 5B);
both analyses were not significantly different than Opto-mCh, indicating that OptoA1WT
clustering did not have a significant effect on SG formation over non-specific protein
clustering (Figure 5A,B,E). Further, the number of SG-positive transfected cells did not
significantly increase compared to GFP-G3BP1 only (Figure 5Bi,Bii,E), nor did they signifi-
cantly differ from Opto-mCh (Figure 5Ai,Aii,Bi,Bii,E). When we assessed OptoA1(F281L)
and OptoA1(P275S), however, we observed SG formation occurred significantly earlier and
with a higher maximal SG puncta response for both, with a KA1/2Max 5min above baseline,
96 ± 3% maximal (S.E.M.; 95% CL) (F281L: Figure 5C; Supplemental Video S4C), and 9 min
above baseline, 90 ± 7% maximal (S.E.M.; 95% CL) (P275S: Figure 5D; Supplemental Video
S4D). Additionally, we found significantly more transfected cells developed SGs for each
mutant (Figure 5Ci,Cii,Di,Dii,E), echoing our single-timepoint endogenous SG imaging
results observed above (Figure 4B). Further analysis of this data showed a significant
2.3- and 1.6-fold change increase in SG formation from baseline SG formation with Op-
toA1(F281L) and OptoA1(P275S) co-transfection, respectively (Figure 5E). Cumulatively,
these data show that OptoA1 clustering specifically impacts SG formation kinetics, and
more importantly, that clustering of OptoA1 mutants that have faster association kinetics
also increases SG formation rates and total accumulation above OptoA1WT.
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mutants. Quantification of SG puncta formation and dissociation during a BL stimulation protocol.
HEK293T cells expressing GFP-G3BP1 alone (A–D; black curves), or co-expressing Opto-mCh (A; ma-
genta), OptoA1WT (B; green), OptoA1(F281L) (C; red), or OptoA1(P275S) (D; blue) with GFP-G3BP1
were exposed to BL stimulation (10,000 lux, 465 nm) for 120 min. Results are plotted as a percent
maximum to the highest SG puncta response at 120 min for each OptoA1 construct co-transfected with
GFP-G3BP1, resulting in a kinetics curve for association dynamics. Dashed lines indicate KA1/2Max.
Two-way ANOVA, with a Bonferroni post hoc test, was performed to indicate significance on kinetics
curves. (Ai), (Bi), (Ci) and (Di) Quantification of percent cells with SG puncta over the time-course of
a BL experimental paradigm. Two-way ANOVA, with a Bonferroni post hoc test, was performed to
indicate significance on kinetics curves. (Aii), (Bii), (Cii) and (Dii) Representative images of 120-min
BL stimulated, GFP-G3BP1 and Opto-mCh (A), OptoA1WT (B), OptoA1(F281L) (C), or OptoA1(P275S)
(D) co-transfected cells. Arrows indicate OptoA1 cluster and SG puncta co-localization. * indicate cells
with SG puncta formation without A1 co-localization. Scale bars = 5 µm. (E) Fold change quantification
of SG puncta formation in cells with A1 clusters. One-way ANOVA, with a Tukey post hoc test, was
performed to indicate significance between fold change SG puncta formation in OptoA1 cluster contain-
ing cells at peak stimulation (120 min). Data shown are mean ± S.E.M. for three biological replicates.
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.
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3. Discussion

Our lab previously demonstrated a link between A1 dysfunction and progressive
forms of MS [9,23–31]. To help further understand A1 molecular mechanisms and establish
methodology to study A1 mutant species in vitro and their effects on A1 dysfunction, we
developed an optogenetic system that induces A1 mislocalization and aggregation and
recapitulates pathological features of A1 observed in central nervous system (CNS) tissue
from MS patients and animal models of disease [28,29,31]. Similar optogenetic systems
have been used recently to study the dynamics of PrLDs in RBPs (e.g., FUS and A1) and
how their biophysical properties influence self-interaction dynamics. In addition, studies
have utilized optogenetics to focus upon other RBPs (e.g., TDP-43, G3BP1) whose self-
association properties are associated with neurodegenerative diseases, but prior to this
study none have been developed to study full-length wild-type A1, nor to describe the
effects of MS-associated A1 mutations [50,58,59,65].

Using our optogenetic system, we demonstrate that cytoplasmic mislocalization of A1 is
mediated by MS-associated mutations F281L and P275S in the M9 nucleocytoplasmic trans-
port sequence, itself contained within A1’s PrLD, and that the addition of an optogenetic
and fluorescent protein tag does not disrupt this phenotype (Figure 1). We then defined the
specificity of a BL stimulation paradigm with the optogenetic protein tag (Figure 2; Supple-
mental Figure S1; Supplemental Video S1A–C; Supplemental Video S2A–E) and used this to
confirm other published findings that the A1 PrLD also rapidly forms nuclear clusters upon
BL stimulation in our system (Figure 2B,F) [59]. We then demonstrated that the MS-linked
A1 mutations F281L and P275S also promote A1 to self-associate more readily when induced
with a BL stimulus, and further found that these mutants show altered dissociation properties
compared to OptoA1WT when stimulation ceased (Figure 3; Supplemental Video S3A,B).
Interestingly, when we compared the interaction dynamics of OptoA1WT and Opto-mCh,
we also observed a variance in effects, whereby OptoA1WT dissociated more efficiently than
Opto-mCh (Figure 2; Supplemental Video S2B,C). We hypothesize that the discrepancy in
dissociation can be attributed to endogenous mechanisms that target and resolve protein
self-interaction clustering (e.g., heat-shock molecular chaperone proteins, degradation via the
proteasome, and/or autophagy); the OptoA1WT construct contains A1, an endogenous full-
length protein with endogenous responsiveness to such mechanisms, whereas Opto-mCh is an
entirely foreign protein not adapted to mammalian protein regulation pathways. As another
endogenous mechanism of A1 cluster clearance, TNPO1 may aid in dissociation by shuttling
resolved monomeric OptoA1WT back to the nucleus, thereby reducing the local cytoplasmic
concentration of OptoA1WT and limiting further self-interactions. This proposed mechanism
is supported by a recent study by Hutten et al. showing that increasing concentrations of
importin proteins inhibits TDP-43 cytoplasmic self-association by transporting it back into the
nucleus [66].

Fixed-imaging studies of multisystem proteinopathy (MSP) and ALS have also found
that A1 mutations affect its self-association, suggesting a common mechanism of dysreg-
ulation between diseases with associated A1 mutations [42,43,67]. Our observations are
the first to use a live-cell system to describe how MS-associated A1-M9 PrLD mutations
have a distinct effect on self-association dynamics and have on A1 dysfunction and its
downstream cellular processes. We assessed the influence of mutations in the M9 sequence
on A1 self-association, as our lab previously showed that M9 mutations in A1 alter TNPO1
binding and influence cytoplasmic mislocalization. Considering that some patients with
progressive MS had multiple mutations in the TPNO1 binding domain of A1 [25], fu-
ture studies will assess the cumulative impact of multiple mutations on A1 aggregation
dynamics and its relationship to the pathogenesis of MS.

Previous research has shown that A1-M9 mutations attenuate the ability of TNPO1
to bind to the M9 sequence, and in turn, decrease the capacity of A1 to re-localize back to
the nucleus after delivering its RNA cargoes to cytoplasmic ribosomes for translation [25].
This results in increased cytoplasmic concentrations of A1, and we hypothesize that this
accumulation facilitates promiscuous self-interactions that can lead to proteinopathic
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cluster formation. However, the influence of missense somatic mutations in the M9 region
of the A1 PrLD on protein trafficking and self-association is not completely understood;
these mutations may directly change the A1:A1 or A1:TNPO1 interfaces, or they may
introduce broader structural changes that also impact post-translational modifications or
A1:protein interactions. Both mechanisms are supported by data from previous studies in
MSP and ALS, where it has been shown that disease-associated mutations generate potent
steric zippers in the PrLD of A1 and allowing A1 clusters to form more easily [42,43,67].

Whether or not a direct effect of local structural changes due to A1 mutations, we
found that mutant A1 self-associated clusters are characteristically different from A1 wild-
type clusters, based on size and numbers per cell (Figure 3D,E). Again, as we observed
with mislocalization and kinetics, we found a dissimilarity in characteristics depending on
mutation type, with A1(F281L) and A1(P275S) both forming larger clusters than A1WT,
but A1(F281L) forming fewer and A1(P275) forming more clusters compared to A1WT.
These results suggest that the local amino acid sequence in A1 affects its dynamics, but fur-
thermore, demonstrate that cluster dynamics are not perfectly correlated with cluster size
or number, indicating that these metrics define distinct mechanisms of protein clustering.
More broadly, considering the previous observations that a multitude of somatic mutations
can occur in the PrLD of A1, each mutation may have a significantly varying effect on A1
dysfunction and dysregulation [25,42,43,67].

Downstream of dysfunctional RNA binding, we further hypothesized that the alter-
ations in A1 self-association kinetics altered SG formation. Previous evidence has shown
that A1 and SGs co-localize in MS patient brain tissue, and that cells subjected to exogenous
IFNγ showed A1 mislocalization, as well as formation of SGs that colocalized with the
mislocalized A1 [26,27]. Based upon these observations, and utilizing our optogenetic
system, we found that mutant A1 cluster formation itself specifically influenced the forma-
tion of SGs, although wild-type A1 did not (Figures 4 and 5; Supplemental Video S4A–D).
We hypothesize that mutant A1 cluster formation may influence SG formation in two
different ways, and the relative contribution of each may be driven by the mutants’ distinct
kinetics and characteristics of cluster formation. First, the formation and accumulation of
A1 clusters themselves may induce cell stress, either by overtaxing protein degradation
systems (e.g., proteasomal degradation, autophagy), or by activating molecular stress path-
ways (e.g., integrated stress response). In this model, gradual aberrant accumulation of A1
clusters induced by somatic mutations causes sustained cell stress, leading to continual SG
formation and eventual cell death. This idea is partially corroborated by a study showing
that HeLa cells depleted of A1 using RNAi were less viable and recovered poorly after
exposure to an osmotic cell stress [68]. Although A1 cluster formation does not deplete
total cellular A1, we propose that mislocalization causes molecular dysfunction similar
to depletion. Second, we hypothesize that the formation of A1 clusters may indirectly
induce liquid-liquid phase separation (LLPS) of PrLD-containing proteins, many of which
are found in SGs (e.g., G3BP1, TDP-43, FUS and TIA1), thereby catalyzing SG assemblies
independent of cell stress signaling [43,54,56,69,70]. SG formation has been shown to be
driven by concentration-dependent A1 LLPS and requires an A1 protein concentration
threshold to form [71], but may be enhanced specifically by clustered forms of A1 [58].
As neither study directly examined the influence of A1 cluster formation on cell stress,
we currently propose that both mechanisms may contribute to SG formation in our system.

How these A1 mutations contribute to the pathogenesis of MS is not yet clear and
requires further study. Herein, we show the molecular consequences of A1 mutations.
These mutations may cause cellular dysfunction in either the effector (immune system)
or target (CNS), both of which are relevant to the pathogenesis of MS. In terms of the
immune response, A1 dysfunction has profound effects on the immune response [72–74]
and other SNVs (e.g., hypoxanthine-guanine phosphoribosyl transferase (HPRT)) have
been shown to alter the immunity of MS patients [75–78]. In the CNS, genetic mutations
in A1 have been shown to contribute to the pathogenesis of ALS [42,79,80], which like
MS, is a progressive disease with a significant neurodegenerative component [42,81,82].
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Importantly, somatic mutations in both the immune and nervous system may co-exist
(mosaicism) and cause neurologic disease [78,83–85]. Future studies, which we have
initiated in our lab, will address the contribution of A1 dysfunction to the pathogenesis of
MS in both the immune system and neurons of the CNS.

In summary, our data provide novel molecular insights into how MS-associated A1
mutations influence endogenous A1 function, and the downstream effects of A1 dysregula-
tion in cells. This work adds to previous literature showing that A1 mislocalization and
dysfunction may contribute to the pathogenesis of MS. Importantly, we have established a
tunable and specific optogenetic A1 clustering system with the capacity for live imaging
and kinetic analysis and demonstrated its utility in examining the effects of wild-type and
mutant A1 clustering on cell biology. Although these studies are limited in that they did
not specifically address how these mutations cause cell death, ongoing studies will address
the effects of A1 mutations on markers of cell death and dysfunction in neurons.

4. Materials and Methods
4.1. Patient Material

The mutations used in this study were reported previously [25]. Of the two mutations
that were studied, both were isolated from primary progressive MS patients [25]. The first
mutation (P275S) was a 59 year-old, white male who had an expanded disability status
scale (EDSS) of 6. The second was a 61 year-old, white male with an EDSS 6.5. There is no
radiologic information on the MS patients.

4.2. Cell Culture

Human embryonic kidney 293T (HEK293T) cells (female, purchased from ATCC,
Manassas, VA, USA) were maintained in DMEM (Thermo Fisher Scientific, Burlington,
ON, Canada) supplemented with 10% fetal bovine growth serum (Thermo Fisher Scien-
tific, Burlington, ON, Canada) and 1% penicillin/streptomycin (Thermo Fisher Scientific,
Burlington, ON, Canada) at 37 ◦C and 5% CO2. Cells were seeded onto 4-well glass bottom
slides (Fisher Scientific, Ottawa, ON, Canada) or 8-well slides (Fisher Scientific, Ottawa,
ON, Canada) coated with poly-D-lysine (50 mg/mL) (Millipore Sigma, Oakville, ON,
Canada), or 6-well plates (Fisher Scientific), and incubated for 24 h prior to transfections
(Lipofectamine 2000, Thermo Fisher Scientific, Burlington, ON, Canada) with 200 ng (4-
and 8-well slides) or 2.0 µg (6-well plate) of DNA. Cell cultures were lightly covered with
aluminum foil after transfection to provide protection from ambient light exposure and
non-specific activation of the optogenetic protein, and all manipulations were performed
in ambient light-free conditions.

4.3. Cloning

Full-length (Gene ID: 3178; Accession #: NM_002136.4) and mutated forms of the
A1 gene were previously isolated and cloned into pTriEx plasmids [25]. Using pTriEx-A1
plasmids, N-pmCry2PHR-A1-mCherry-C plasmids were constructed in a two-step pro-
cess using Gibson Assembly cloning (HiFi DNA Assembly Master Mix, NEB). To note,
we positioned the Cry2PHR on the N-terminus of A1 to distance it away from the A1
PrLD domain, so that it would not non-specifically influence A1 interaction dynamics,
and to allow for the assessment of A1 PrLD mutations for their influence on the overall
kinetics of self-interaction. Step one created A1 full-length and mutant genes tagged with
the mCherry gene, while step two added the Cry2PHR gene. Initially, A1 and mCherry
genes were cloned into the pmCry2PHR-mCherry (mCh) base vector (Plasmid 26866,
Addgene, Watertown, MA, USA) between the NheI and MfeI restriction enzyme sites of
the pmCry2PHR-mCh backbone, with the two-fragment Gibson Assembly designed to
reconstruct the NheI restriction site. A short flexible amino acid linker of GGSG (ggag-
gatcagga) was inserted during Gibson Assembly between A1 and mCherry to separate
both proteins and prohibit unwanted non-specific interactions. In step two, the Cry2PHR
gene was cloned into the pmA1-mCherry base vector, created in step one, using two-
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fragment Gibson Assembly and the NheI restriction enzyme site. Again, a short GGSG
(ggaggatcaggc) amino acid linker was inserted during Gibson Assembly between Cry2PHR
and A1. The N-pmCry2PHR-A1(PrLD)-mCherry-C plasmid was constructed similarly as
the N-pmCry2PHR-A1-mCherry-C plasmids except that primers for Gibson Assembly
cloning were designed to only target the PrLD region of A1.

The N-GFP-G3BP1-C construct was generated from GFP (pcDNA3.1/NT-GFP-TOPO,
Thermo Fisher Scientific, Burlington, ON, Canada) and G3BP1 (pDONR221-G3BP1, DNASU,
Tempe, AZ, USA) cloned into the pmCry2PHR-mCherry (mCh) base vector (Plasmid 26866,
Addgene, Watertown, MA, USA) between the NheI and MfeI restriction enzyme sites of
the pmCry2PHR-mCh backbone, with the two-fragment Gibson Assembly. A short amino
acid linker of GGSG (ggaggatcagga) was inserted during Gibson Assembly between GFP
and G3BP1 to separate both proteins and prohibit unwanted non-specific interactions.

The expression of all constructs was driven by a CMV promoter. Sequencing of the
constructs was performed to confirm correct orientation, and to confirm the absence of
unwanted mutations. All primer sequences used for cloning are listed in Supplemental
Table S1.

4.4. Blue Light Treatments

BL stimulation was performed in poly-D-lysine (Millipore-Sigma, Oakville, ON,
Canada) coated 4-well glass-bottom slides (live-cell imaging), 8-well slides (fixed-cell
imaging), or 6-well plates using custom-built LED arrays designed to fit multiple cell
culture vessel dimensions and withstand common temperature/humidity requirements
of cell culture incubators. LED arrays were positioned ~4.0 cm above the culture surface,
and 10,000 lux (measurement of luminous energy per unit of time, per unit area) of 465nm
BL was used to stimulate cultured cells.

4.5. Stress Treatments

Sodium arsenite (NaAsO2, 0.5 mM, 30 min) treatment was used as a positive control
to induce SGs where indicated.

4.6. Nuclear/Cytoplasmic Fractionation and SDS-PAGE/Western Immunoblotting

Nuclear/cytoplasmic subcellular fractionation was performed using NE-PER Nu-
clear and Cytoplasmic Extraction Reagents Kit (Thermo Fisher Scientific, Burlington, ON,
Canada) according to manufacturer′s instructions. Cytoplasmic protein concentrations
for individual fractions were determined using A280 on a NanoDrop 1000 Spectropho-
tometer (Thermo Fisher Scientific, Burlington, ON, Canada) and subsequently analyzed by
Western immunoblotting. Equivalent amounts of protein (40 µg) were separated by 10%
SDS-PAGE and transferred to PVDF membranes (Millipore Sigma, Oakville, ON, Canada)
using the Trans-Blot Semi-Dry Electrophoretic Transfer Cell System (Bio-Rad, Mississauga,
ON, Canada); Ponceau S staining was used to assess the equivalency of protein loading
after SDS-PAGE transfer. Membranes were washed with 1.0 M Tris-buffered saline (TBS),
pH 7.4, blocked with 5% Bovine Serum Albumin (BSA) in TBS for 60 min at room tem-
perature, and then incubated with primary antibodies (Table 1) in 5% BSA in TBS-T (0.1%
Tween 20) overnight at 4 ◦C. Following TBS-T washes, membranes were incubated with
peroxidase-conjugated secondary antibodies (Table 1) and protein bands were detected
using Clarity Western ECL Substrate (Bio-Rad, Mississauga, ON, Canada) and visualized
using the ChemiDoc Imaging System (Bio-Rad, Mississauga, ON, Canada).

4.7. Immunocytochemistry

Cells were prepared for immunocytochemistry (ICC) by initial fixation using 4.0%
formaldehyde (prepared from a 37% stock; Millipore Sigma) in 1.0 M phosphate-buffer
saline (PBS), pH 7.4, for 15 min at room temperature. After fixation, and three washes
with PBS, cells were permeabilized with 0.3% Triton X-100 (Millipore Sigma, Mississauga,
ON, Canada)/PBS for 30 min. Cells were washed three times with PBS and then blocked
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with Sea Block Blocking Buffer (Thermo Fisher Scientific) for 60 min at room temperature,
blocking for non-specific antibody sites. Primary antibodies (Table 1) were diluted in 0.1%
Triton X-100/PBS with 10% Sea Block and incubated overnight at 4 ◦C. Cells were then
washed three times with PBS before incubation with secondary antibodies diluted in 0.1%
Triton X-100/PBS with 5% Sea Block (Table 1) for 60 min at room temperature. Cells were
then washed three times with PBS and mounted in ProLong Gold Antifade Mountant with
DAPI (Fisher Scientific). All images and quantification are representative of three or more
biological replicates. Random fields of view (RFV; ~5–6 per experiment) were acquired for
quantification, and ~50–60 cells were analyzed per experiment. All images were acquired
using identical settings within each experiment.

4.8. Live-Cell Imaging

Live-cell imaging was performed using an Axio Observer 7, inverted, fluorescent
microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada), mounted with a P Lab-TekTM

S1 heating insert (Carl Zeiss Canada Ltd., Toronto, ON, Canada) that was regulated by
both a CO2 Module S1 and a TempModule S1 (Carl Zeiss Canada Ltd., Toronto, ON,
Canada). Following transfections, medium was changed to FluoroBrite phenol red-free
DMEM (Thermo Fisher Scientific, Burlington, ON, Canada), supplemented with 10% fetal
bovine growth serum and 1% penicillin/streptomycin, and cells were equilibrated in the
preheated heating insert (37 ◦C and 5% CO2) for 10 min prior to imaging. BL stimulation
was performed using a custom-built blue light LED array that was positioned above the
heating insert to stimulate cells in the live-cell incubation unit (~4.0 cm above the culture
surface). Cells were stimulated with BL (465 nm, ~10,000 lux) for a period of 120 min to
study A1 and G3BP1 punctum formation dynamics, immediately followed by a period
of no BL for 60 min to study hnRNPA1 puncta dissociation dynamics, should puncta
form. Live-cell images were captured using a Plan Apochromat 40× Oil objective, with
a 1.40 numerical aperture, in one-minute intervals over the total 180 min. During the
120-min stimulation period, the BL LED was turned off for 10 s for imaging every 60 s,
and the Zeiss ZEN 3.1 Blue microscope software captured mCherry signal in the 594 nm
channel, and GFP in the 488 nm channel for G3BP1 experimentation. This was performed
by synchronizing the LED and microscope using a Nearpow Multifunctional Infinite Cycle
Programmable Plug-in Digital Timer Switch (Amazon, Seattle, WA, USA) attached to and
controlling the LED array, and the Experimental Designer Module (Carl Zeiss Canada
Ltd., Toronto, ON, Canada) in ZEN 3.1 Blue Edition (Carl Zeiss Canada Ltd., Toronto, ON,
Canada) controlling both 594 nm and 488 nm stimulation and capture. Data presented
are representative of at least three biological replicates, utilizing ~10 RFV per experiment.
Overall, ~100 cells were analyzed per biological replicate.
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Table 1. Key resources table. Listed are the reagents/resources utilized in this study. Their purchase source and catalogue identifiers are included.

Reagent or Resource Source Identifier

Antibodies
Mouse monoclonal anti-β-Actin (8H10D10) New England BioLabs Cat# 3700S

Rabbit monoclonal anti-EIF2S1 (EPR23098-50) Abcam Cat# ab242148
Rabbit monoclonal anti-EIF2S1 (phospho S51) (E90) Abcam Cat# ab32157

Rabbit polyclonal anti-G3BP (EPR13986(B)) Abcam Cat# ab217225
Mouse monoclonal anti-hnRNPA1 (4B10) Millipore Sigma Cat# 05-1521

Rabbit polyclonal anti-TDP-43 Proteintech Cat# 10782-2-AP
Alexa Fluor 488 Donkey anti-rabbit IgG (H + L) Jackson ImmunoResearch Cat# 711-546-152

Alexa Fluor 647 Goat anti-rabbit IgG (H + L) Jackson ImmunoResearch Cat# 111-605-047
Goat anti-mouse IgG (H + L) HRP Conjugate Bio-Rad Cat# 1706516
Goat anti-rabbit IgG (H + L) HRP Conjugate Bio-Rad Cat# 1706515

Chemicals
Dulbecco′s Modified Eagle Media (DMEM) Fisher Scientific Cat# MT-10-013-CV

FluoroBrite DMEM Media Fisher Scientific Cat# A1896701
Formaldehyde, 37% by weight (with preservative/certified ACS) Fisher Scientific Cat# F79-500

Gibco Fetal Bovine Growth Serum Thermo Fisher Scientific Cat# 12483020
Invitrogen ProLong Gold Antifade Mountant with DAPI Fisher Scientific Cat# P36935

Immobilon-FL PVDF Membrane Millipore Sigma Cat# IPVH00010
Lipofectamine 2000 Fisher Scientific Cat# 11-668-019

Opti-MEM Reduced Serum Media Fisher Scientific Cat# 31985062
Sodium Arsenite Solution Millipore Sigma Cat# 106277

Sodium Dodecyl Sulfate (SDS) Fisher Scientific Cat# BP166
Triton X-100 Fisher Scientific Cat# AC215682500

Tween 20 Fisher Scientific Cat# BP337
Commercial Assays

Clarity Western ECL Substrate Bio-Rad Cat# 1705060
NE-PER Nuclear Cytoplasmic Extraction Reagents Kit Thermo Fisher Scientific Cat# 78833

Cell Lines
HEK293T ATCC Cat# CRL-11268

Recombinant DNA Plasmids
pmCry2PHR-mCherry Addgene Cat# 26866

pmTriEx-A1WT [25] N/A
pmTriEx-A1(F281L) [25] N/A
pmTriEx-A1(P275S) [25] N/A
pmA1WT-mCherry This paper N/A

pmA1(F281L)-mCherry This paper N/A
pmA1(P275S)-mCherry This paper N/A

pmCry2PHR-A1WT-mCherry This paper N/A
pmCry2PHR-A1(F281L)-mCherry This paper N/A
pmCry2PHR-A1(P275S)-mCherry This paper N/A
pmCry2PHR-A1(PrLD)-mCherry This paper N/A

pcDNA3.1/NT-GFP-TOPO Thermo Fisher Scientific Cat# K481001
pDONR221-G3BP1 DNASU Cat# HsCD00042033

pmGFP-G3BP1 This paper N/A

Primers
Gibson Assembly Primers (See Supplemental Table S1) IDT N/A

Software
Adobe Photoshop CS6 Adobe https://www.adobe.com
GraphPad Prism 9.0.0 GraphPad Software Inc. https://www.graphpad.com

ImageJ NIH https://imagej.nih.gov/ij/
ZEN 3.1 Blue Edition Carl Zeiss Microscopy, LLC https://www.zeiss.com

https://www.adobe.com
https://www.graphpad.com
https://imagej.nih.gov/ij/
https://www.zeiss.com
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4.9. Quantification and Statistical Analysis
4.9.1. Immunocytochemistry

All image visualization and cell counting of transfected, non-cluster and cluster A1
containing cells were performed using ZEN 3.1 Blue Edition (Carl Zeiss Canada Ltd.,
Toronto, ON, Canada). Fixed-cell image quantification of mCherry A1 clusters and Alexa
Fluor 488 nm G3BP1 puncta was examined using ImageJ, with Pearson’s correlation coeffi-
cient for A1 cluster and G3BP1 puncta co-localization calculated using the Coloc 2 plugin
in ImageJ, with ~5 fields of view analyzed per condition, encompassing ~75 cells and ~200
clusters analyzed over triplicate experiments. Cytoplasmic/nuclear fluorescence intensity
ratios were examined using ImageJ. Briefly, image scales were set for each image (taken
consistently at 5 µm), and cellular nuclei and cytoplasm regions of interest (ROI) were hand
drawn using DAPI (nuclei) and G3BP1 (cytoplasm) staining. The area (um2) and integrated
density of mCherry was then measured for each ROI. In parallel, three background ROIs
were taken and mean grey values were taken and averaged. The corrected total cellular
fluorescence (CTCF) intensity was then analyzed using the formula: CTCF = Integrated
Density − (Area of selected ROI * Average fluorescence of background readings). ~5 fields
of view were analyzed per condition, encompassing ~50 cells analyzed per biological
replicate.

4.9.2. Live-Cell Imaging

Time-lapse image sequences acquired during high-throughput LED screening were
visualized using ZEN 3.1 Blue Edition (Carl Zeiss Canada, Ltd., Toronto, ON, Canada).
Analysis of cells containing A1 clusters was performed manually. Only cells that contained
two distinctly observable A1 clusters at each time-point in data analyses were included in
the final data analysis. The number of cells containing detectable A1 clusters were tracked
over time and divided by the total number of cells within the imaging field to generate a
percentage of cell with inclusions for each time-point within the imaging sequence.

Quantification of light-induced A1 cluster formation and dissociation was performed
manually using ZEN 3.1 Blue Edition (Carl Zeiss Canada, Ltd., Toronto, ON, Canada),
again analyzing only cells that contained two distinctly observable A1 clusters at each
time-point in data analysis. For A1 cluster formation and dissociation rate quantification,
cells with clusters were initially counted for each time-point. Each time-point cluster value
was then converted to a percentage of the total cellular cluster maximum at the height of the
stimulation cycle. Mean percentages for each time-point, from three biological replicates,
were then plotted over-time for each stimulation cycle. For GFP-G3BP1 granule formation
and dissociation, a similar analysis was performed.

Live-cell image quantification of A1 cluster amount and size was performed using
ImageJ by first exporting live-cell images as individual 16-bit. TIFF images. A1 clusters
were analyzed by thresholding individual cytoplasmic clusters and using the Analyze Par-
ticles tool in ImageJ. Four biological replicates were analyzed, encompassing ~200 puncta
analyzed per replicate.

4.9.3. Statistics

Statistical significance was calculated in GraphPad Prism software (Version 9.0.0)
(GraphPad Software, San Diego, CA, USA) and resulting P values less than or equal to
0.05 were determined to be significant. One-way ANOVAs, with Tukey post hoc analysis,
and two-way ANOVAs, with Bonferroni post hoc analysis, were used where indicated.
To determine half-maximal formation and dissociation responses, graphs were subjected
to a non-linear regression curve fit, using a dose–response, bi-phasic equation. n values
described in the text and figure legends represent number of cells per experimental group,
unless otherwise indicated, across multiple independent, biological experiments. Rep-
resentative images were prepared using Adobe Photoshop CS6 (Adobe, San Jose, CA,
USA).
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