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Neurobiology of Disease

Profilin 1 Associates with Stress Granules and ALS-Linked
Mutations Alter Stress Granule Dynamics

Matthew D. Figley,"> Gregor Bieri,> Regina-Maria Kolaitis,’ J. Paul Taylor,’ and Aaron D. Gitler!
'Department of Genetics and 2Neuroscience Graduate Program, Stanford University School of Medicine, Stanford, California 94305, and Department of
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Mutations in the PFN1 gene encoding profilin 1 are a rare cause of familial amyotrophic lateral sclerosis (ALS). Profilin 1 is a well studied
actin-binding protein but how PFNI mutations cause ALS is unknown. The budding yeast, Saccharomyces cerevisiae, has one PFNI
ortholog. We expressed the ALS-linked profilin 1 mutant proteins in yeast, demonstrating a loss of protein stability and failure to restore
growth to profilin mutant cells, without exhibiting gain-of-function toxicity. This model provides for simple and rapid screening of novel
ALS-linked PFNI variants. To gain insight into potential novel roles for profilin 1, we performed an unbiased, genome-wide synthetic
lethal screen with yeast cells lacking profilin (pfylA). Unexpectedly, deletion of several stress granule and processing body genes,
including pbp1A, were found to be synthetic lethal with pfylA. Mutations in ATXN2, the human ortholog of PBPI, are a known ALS
genetic risk factor and ataxin 2 is a stress granule component in mammalian cells. Given this genetic interaction and recent evidence
linking stress granule dynamics to ALS pathogenesis, we hypothesized that profilin 1 might also associate with stress granules. Here we
report that profilin 1 and related protein profilin 2 are novel stress granule-associated proteins in mouse primary cortical neurons and in
human cell lines and that ALS-linked mutations in profilin 1 alter stress granule dynamics, providing further evidence for the potential

role of stress granules in ALS pathogenesis.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by motor neuron loss (Cleveland and Roth-
stein, 2001). The mechanisms of motor neuron degeneration in
ALS remain poorly understood. However, recent studies have
contributed to revealing the genetic underpinnings of ALS.
Since 2008, the discoveries of new causative familial ALS
(FALS) genes, including TARDBP, FUS/TLS, OPTN,
UBQLN2, VCP, hnRNPA2B1, hnRNPA1, and C9ORF72 (Renton
et al.,, 2014) and common genetic risk factors for sporadic ALS
such as ATXN2 (Elden et al., 2010) have expanded the genetic
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landscape of the disease, illuminating common pathways such as
impairments in RNA metabolism and protein homeostasis (Ling
et al., 2013).

Profilin 1 is a small (15 kDa) actin-binding protein known to
influence actin filament dynamics and carry out various cellular
functions via preferential binding to phosphoinositides and a
variety of polyproline-rich ligands (Jockusch et al., 2007). Re-
cently, Landers and colleagues found mutations in the profilin 1
gene PFN1 to be causative of FALS (Wu et al., 2012). The discov-
ery of ALS-linked PENI1 mutations highlights the potential role of
the actin cytoskeleton in ALS pathogenesis. Subsequent sequenc-
ing efforts in independent ALS populations have discovered ad-
ditional PFN1 variants (Ingre et al., 2012; Lattante et al., 2012;
Tiloca et al., 2012; Chen et al., 2013; Daoud et al., 2013; Dillen et
al., 2013; Yang et al., 2013; Zou et al., 2013; van Blitterswijk et al.,
2013), and have suggested that the E117G variant may be an ALS
risk factor (Fratta et al., 2014). The mechanism by which PFNI
mutations cause ALS and how profilin 1 function may relate to
other cellular pathways implicated in ALS pathogenesis remain
unresolved.

The power of yeast genetics has recently been unleashed to
study the mechanisms of human neurodegenerative diseases,
with yeast models to study Parkinson disease, Huntington dis-
ease, Alzheimer disease, frontotemporal dementia, and ALS
yielding important insights into disease pathophysiology (Out-
eiro and Lindquist, 2003; Cooper et al., 2006; Gitler, 2008, 2009;
Elden et al., 2010; Couthouis et al., 2011; Sun et al., 2011; Treusch
et al., 2011; Armakola et al., 2012; Tardiff et al., 2013). Here we
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describe a yeast model to examine possible gain- or loss-of-
function mechanisms related to the ALS-linked variants of pro-
filin 1. We establish a rapid platform to assess the effect of the
existing ALS-linked PFN1 variants as well as evaluate any newly
discovered candidate variants. Additionally, we perform an un-
biased genetic screen and discover an unexpected, novel role for
profilin 1 in ribonucleoprotein (RNP) granules, cytoplasmic
RNA-protein assemblies which are emerging as potential cruci-
bles of ALS pathogenesis (Li et al., 2013). Further, we show that
profilin 1 associates with stress granules in diverse mammalian
cell types, including primary rodent neurons, under an array of
cellular stresses. Finally, we demonstrate that ALS-linked PFN1
mutations alter stress granule dynamics, providing a potential
mechanism to explain their role in disease.

Materials and Methods

Yeast strains, media, and plasmids. We generated the pfyIA query strain
by replacing the PFY1 coding region with the natMX resistance cassette in
strain ' Y7092; MATo canlA:STE2pr-Sp_his5 lyplA his3A1 leu2A0
ura3A0 met15A0. We used colony PCR to verify correct gene disrup-
tion. Strains were grown at 30°C on YPD or complete synthetic me-
dium. Strains were manipulated and media prepared using standard
techniques.

Pfy1A synthetic lethal screen. We used synthetic genetic array (SGA)
analysis to identify nonessential yeast deletions that are synthetic lethal
with pfyIA. We performed this screen essentially as described by Tong
and Boone (2006), with some modifications, using a Singer RoToR HDA
(Singer Instruments). We mated the MATa pfyIA query strain to the
yeast haploid deletion collection of nonessential genes (MATa, each gene
deleted with kanMX cassette; confers resistance to G418). Our yeast non-
essential gene deletion library contains 4842/~6000 yeast genes. Follow-
ing diploid selection and sporulation, we selected double-mutant
haploids. Colony sizes were measured using the HT Colony Grid Ana-
lyzer software (Collins et al., 2006). The colony size raw values for each
plate were normalized, dividing them by the median colony size of that
plate. For every yeast strain, the colony size of the two replicates per plate
was averaged and duplicate colonies that differed in size more than their
average size were excluded from analysis. Additionally, slow growing
single-deletion strains were excluded as well. The colony size of the
single- and double-deletion yeast strains were compared. A 50% reduc-
tion in colony size of the double-deletion strains was chosen as the
threshold for synthetic lethal/sick interactions. All hits as well as all ex-
cluded strains were visually inspected and confirmed. The entire screen
was performed four independent times. Hits that repeatedly satisfied the
criteria for synthetic lethal interactions were used for gene ontology en-
richment analysis.

Yeast experiments. Yeast profilin mutant strains pfyl-4 (MATa
his3A200 leu2-3,112 lys2—801 pfy1-4::LEU2 ura3-52) and pfyl1A (MATa
his3A200 leu2-3,112 lys2-801 pfy1A::HIS3 ura3-52) were generously pro-
vided by Erfei Bi (University of Pennsylvania) and were described by
Wolven et al. (2000). We also used the wild-type yeast strain BY4741
(MATa his3A0 leu2A0 met15A0 ura3A0). We obtained the yeast profilin
(PFY1) entry clone construct from the Yeast FLEXGene library (Harvard
Institute of Proteomics). A human PFNI1 Gateway entry clone was ob-
tained from the Human ORFeome collection (Open Biosystems), con-
taining the full-length human PFNI coding sequence in the vector
pDONR223. This clone lacked a stop codon so we introduced one by
PCR amplifying the PENI coding sequence with primers to add flanking
Gateway cloning sites and a C-terminal stop codon. We then performed
a Gateway BP reaction to shuttle the PFN1 coding sequence with stop
codon into the vector pPDONR221. A human profilin 2 (PFN2) Gateway
entry clone was obtained from the Human ORFeome collection (Open
Biosystems), containing the full-length human PFN2 coding sequence in
the vector pPDONR223. The QuikChange site-directed mutagenesis sys-
tem (Stratagene) was used to introduce a stop codon into this construct,
as well as to introduce point mutations into the PENI constructs. All
constructs were verified by DNA Sanger sequencing. To generate PFYI,
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PFN1, or PFN2 yeast expression constructs, we used a Gateway LR reac-
tion with the appropriate entry clones and a yeast Gateway destination
vector (e.g., pAG416GPD-ccdB or pAG426Gal-ccdB; Alberti et al.,
2007). Yeast procedures were performed according to standard proto-
cols. We used the PEG/lithium acetate method to transform yeast with
plasmid DNA (Gietz et al., 1992). For spotting assays, yeast cells were
grown overnight at 30°C in rich media (YPD) or in synthetic liquid media
containing SD/-Ura or SRaf/-Ura until they reached log or mid-long
phase. Cultures were then normalized for OD600 nm, serially diluted and
spotted with a Frogger (V&P Scientific) onto synthetic solid media con-
taining glucose (SD/-Ura) or galactose (SGal/-Ura) lacking uracil and
were grown at 25, 30, or 37°C for 2—4 d. For yeast stress granule
experiments, yeast cells were transformed with a plasmid encoding
stress granule marker Pabl-GFP and processing body (P-body)
marker Edc3-mCherry (pRP1657; Buchan et al., 2010). Yeast were
grown to mid-log phase at 30°C then subjected to 15 min. continued
growth at 30°C or heat shock at 42°C. Yeast were plated onto microscope
slide with coverslip and imaged at 100X magnification (with an addi-
tional 1.6 X internal magnification) with a fluorescence microscope. Live
yeast cells were imaged within 15 min of addition to the slide to avoid
additional cellular stress.

Cell culture. HeLa cells (CCL-2) and U20S cells were obtained from
ATCC. HeLa, U20S, and U20S-G3BP-GFP cells were maintained in
DMEM, High Glucose, GlutaMAX (Invitrogen, no. 10566) with 10%
fetal bovine serum, 1% penicillin/streptomycin, and 1 mm sodium pyru-
vate (Invitrogen, no. 11360070). Mouse primary cortical neurons were
dissected from E18 embryos and dissociated using papain. Neurons were
maintained in neurobasal media supplemented with B27 and 0.5 mm
L-glutamine. Neurons were treated at 7 d in vitro. Cells were seeded in
24-well plates on glass coverslips precoated with poly-1-lysine (HeLa),
poly-L-orinthine with laminin and fibronectin (neurons), or on 8-well
glass slides (Millipore, PEZGS0816; U20S-G3BP-GFP). The N-terminal
V5-tagged plasmids were generated by Gateway LR reactions with the
pDONR221 profilin 1 entry clones and the pcDNA3.1/nV5-DEST Gate-
way destination vector (Invitrogen, Catalog #12290010). Cells were
transfected with plasmid DNA using FuGENE6 Transfection Reagent
(Promega, E2691). PFN1 RNAi knockdown was performed by transfec-
tion of ON-TARGET plus-SMARTpool siRNA (Dharmacon; L-012003
for human cells) using Lipofectamine RNAIMAX reagent (Invitrogen).
RNAi knockdown for nontargeting was performed by transfection of
ON-TARGET plus-SMARTpool siRNA (Dharmacon; 1081195) using
Lipofectamine RNAIMAX (Invitrogen). Cells were treated with the fol-
lowing stressors: 0.5 mM sodium arsenite for 30 min (U20S-G3BP-GFP)
or 1 h (HeLa, neurons); 1 h (HeLa, neurons), or 2 h (U20S-G3BP-GFP)
43°C heat shock; 1 h 2 mm dithiothreitol (DTT); 1 h 50 ug/ml cyclohex-
imide. At 48 h post-transfection, cells were fixed using 4% formaldehyde
at room temperature for 10 min and then washed 3X in PBS.

Stable cell line. U20S cells stably expressing G3BP-GFP were generated
by lentiviral transduction of a pCLi40w-MND-G3BP-GFP plasmid. The
pCLi40w-MND-G3BP-GFP plasmid was constructed by releasing the
dsRedEX2-EIF1a-GFP from the pCLEG-MND-dsRedEX2 plasmid
(Vector Development and Production, SJCRH) and inserting the G3BP-
GFP into the EcoRI and BsrGI positions. The G3BP-GFP insert was
released from the peGFP-N1-G3BP plasmid by digestion of EcoRI and
BsrGI. The G3BP sequence had been inserted in the peGFP-N1 vector
(Clontech) with primers containing the restriction enzyme sites EcoRI
and BamHI in the 5" and 3’ sites of G3BP. The lentivirus was prepared in
HEK293 cells, plated at 1 X 10° cells per well in a 6-well dish in DMEM
+ 10% FCS (D10). Each transduction was performed in 1 ml total vol-
ume, which is composed of D10, 8 ug/ml polybrene (Sigma-Aldrich
Sequabrene Catalog #S2667), and varying dilutions of vector; 10, 1, and
0.1 ul of vector were added in the 1 ml final volume. Forty-eight hours
after transduction the virus was collected, filtered, aliquoted, and stored
at —80°C. Different concentrations of viruses were titered on U20S cells.
Several stable cell lines with different expression levels of G3BP-GFP were
tested and analyzed. The selected cell line reported here has G3BP-GFP pro-
tein expression levels lower than the endogenous levels of G3BP protein.

Immunocytochemistry. For immunostaining, fixed cells were blocked
for 1 h in 5% normal goat serum and 0.25% Triton X-100 in PBS and
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were incubated in the same solution for 1 h at room temperature or
overnight at 4°C with primary antibody [rabbit anti-profilin 1 (Sigma-
Aldrich, no. P7624, 1:500), rabbit anti-profilin-2 (Sigma-Aldrich, no.
P0101, 1:250), mouse anti-ataxin 2 (BD, no. 611378, 1:250), mouse anti-
HuR (Santa Cruz Biotechnology, no. sc-5261, 1:500), rabbit anti-V5
(Sigma-Aldrich, no. V8137, 1:500), rabbit anti-eIF4G (Santa Cruz Bio-
technology, no. sc-11373, 1:500) ] washed 3X in PBS, and incubated for
1 h with secondary antibody (AlexaFluor 488, 594, or 647 goat anti-
mouse or anti-rabbit IgG (H+L), Invitrogen), washed 3X in PBS, and
mounted on microscope slides using mounting media with 4',6-
diamidino-2-phenylindole (DAPI) to stain nuclei (ProLong Gold anti-
fade reagent, no. P36834, Invitrogen). Immunostaining was observed
and imaged using a Leica DMI6000B Inverted Fluorescence microscope
with a coverslip-corrected 40X oil objective and a LSM510 (Zeiss) con-
focal microscope with a 63X objective. Representative images were com-
piled using ImageJ and Photoshop. Quantifications were statistically
evaluated by the paired Student’s ¢ test. A minimum of 100 transfected
cells per condition were quantified per replicate experiment.

Immunoblotting. Yeast cells were grown to mid-log phase and lysed
using Y-PER Plus Extraction Reagent (Thermo, no. 78999) with 1X Halt
Protease Inhibitor Cocktail. Lysates were subjected to SDS/PAGE (Nu-
PAGE Bis-Tris 4—12% gradient, Novex) and transferred to a nitrocellu-
lose membrane (Invitrogen). Membranes were blocked with 5% nonfat
dry milk (for HRP detection) or 1% bovine serum albumin (for fluores-
cent detection) in PBS for 1 h at room temperature or overnight at 4°C.
Primary antibody incubations were performed at room temperature for
1 h or overnight at 4°C. After washing with PBS, membranes were incu-
bated with a horseradish peroxidase-conjugated secondary antibody for
1 h at room temperature, followed by washing in PBS and detected with
Immobilon Western HRP Chemiluminescent Substrate (Millipore), or
incubated with fluorescently labeled secondary antibodies (AlexaFluor
680 Goat anti-rabbit IgG or anti-mouse IRDye 800CW) and detected
using an Odyssey Scanner (Li-Cor). Antibody concentrations used were
as follows: rabbit anti-profilin 1 (Sigma-Aldrich, P7624) 1:1000; rabbit
anti-PFN2 (Sigma-Aldrich, P0101) 1:2000; mouse anti-GAPDH (Sigma-
Aldrich, G8795) 1:4000; mouse anti-B-actin (Sigma-Aldrich, A5316)
1:1000. The HRP-conjugated anti-mouse secondary antibody (Sigma-
Aldrich) was used at 1:10,000 and the HRP-conjugated anti-rabbit sec-
ondary antibody (Sigma-Aldrich) was used at 1:5000. The fluorescent
secondary antibodies were used at 1:15,000. Western blots were quanti-
fied using Image] software.

Results
Yeast model to test candidate PFN1 variants
PFNT1 is highly conserved through evolution with a clear ortholog
present in budding yeast (Ostrander et al., 1999). Mutations in
yeast profilin (PFY1) cause a temperature-sensitive (ts) growth
phenotype such that mutant cells can grow at 25 or 30°C but not
at 37°C (Fig. 1A; Wolven et al., 2000). This ts phenotype afforded
us the opportunity to (1) confirm that PENI can complement the
yeast profilin mutant phenotype (Ostrander et al., 1999), and (2)
test whether the ALS-linked PFN1 mutations cause a loss of pro-
tein function (i.e., unable to rescue the pfyIA ts growth pheno-
type). For these studies we used two independent profilin mutant
yeast strains: pfyl-4, which harbors a point mutation that dis-
rupts actin binding, and pfyIA, a complete deletion (Wolven et
al., 2000). Both strains exhibited similar ts phenotypes, but the
complete deletion (pfylA) grew slightly slower than the point
mutant (pfyl-4). We transformed pfy1A and pfy1-4 strains with
low-copy plasmids constitutively expressing either the yeast or
human profilin genes. At 37°C, expression of either yeast Pfyl or
human PEN1 was sufficient to restore growth to the mutant strains
(Figs. 1B, 2A). These results confirm that the function of PFN1 is
conserved from yeast to human and provide a simple platform to
interrogate the effects of disease-linked human PFNT variants.
Next, we used this same assay to test all of the recently re-
ported ALS-linked PFNI variants (Ingre et al., 2012; Wu et al.,
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Figure 1. Human profilin 1 rescues yeast profilin mutant ts phenotype. 4, Spotting assay to
assess growth of WT, pfyTA, or pfy1-4 yeast strains at 25, 30, or 37°C. The PFYT mutant strains
are unable to grow at 37°C. Each spot of yeast cells is sequentially diluted 5 X from left to right.
B, Expressing WT yeast Pfy1 or human PFN1 is sufficient to restore growth at 37°C.
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Figure2. Testing ALS-linked profilin 1variants in yeast. 4, Spotting assay to compare ability
of several ALS-linked profilin 1variants to rescue growth of pfy 1A at 37°C. WT profilin 1restores
growth, as do profilin 1 variants T109M, E117G, and R136W, suggesting that these profilin 1
variants are not deleterious to profilin 1 function in this assay. Profilin 1 variants (71G, M114T,
and G118V do not rescue growth, suggesting that these disease-associated mutations impair
profilin 1 function. Two synthetic profilin 1 mutants, H120E and W3F/W31F, which disrupt actin
binding and polyproline-hinding, respectively, also fail to rescue growth. The related human
profilin gene profilin 2 (PFN2) is also able to rescue growth impairment of the pfy7A yeast
strain. B, Inmunoblot analysis of WT and mutant profilin 1 expression in yeast. The (71G and
M114T profilin 1 mutations affected expression levels or protein stability compared with the WT
protein.

2012; Chen etal., 2013). Whereas WT profilin 1 restored growth,
ALS-linked profilin 1 mutants C71G, M114T, and G118V were
unable to rescue the ts phenotype of the yeast profilin mutant
strains (Fig. 2A), suggesting that these ALS-linked mutations
cause a loss-of-function. Immunoblotting with a human anti-
profilin 1 antibody indicated that the C71G and M114T muta-
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tions affected expression levels or protein A
stability compared with the WT protein
(Fig. 2B). Interestingly, the E117G muta-
tion, which was present in both ALS cases

and healthy controls (Wu et al., 2012),

was well expressed and able to rescue the
growth defect to a similar extent as WT
human profilin 1 (Fig. 2A). These results
support the conclusion that E117G may

be less pathogenic than the other muta-
tions (Wu et al., 2012). We also tested two
profilin 1 mutations that have been iden-
tified by sequencing studies in ALS pa- piy1A
tients (T109M and R136W; Ingre et al., Coregs
2012; Chen et al., 2013). Both mutants

were well expressed and were able to res-

cue the pfylA growth defect (Fig. 2A,B).

Finally, we tested two artificial PFN1 vari- B

ants, H120E previously shown to abolish

actin binding (Suetsugu et al., 1998), and

a double-mutant W3F/W31F, which

abolishes binding to polyproline-rich li-

gands (Ostrander et al., 1999). Both the

actin-binding and the polyproline-

binding deficient mutants serve as nega-

tive controls in our assay, as they are well

expressed in yeast but demonstrate severe

MATa
STE2pr-
Sp_his5

G418 and clonNAT

loss-of-function, as previously reported (1]
RNP granule regulators

for W3F/W31F (Ostrander et al., 1999;
Fig. 2A). As additional PFN] variants are
identified by sequencing studies, it will be
important to distinguish damaging from
benign variants, especially if family segre-
gation data are not available. This yeast
model, and the positive and negative controls
reported here could provide a rapid screening
platform for testing the consequences of such
variants on profilin 1 function.

All of the major genes associated with
FALS are inherited in a dominant fashion
(Renton et al., 2014) and several muta-
tions in these genes can confer gain-of-
function toxic properties (Bruijn et al.,
1998; Johnson et al., 2009; Barmada et al.,
2010; Sun et al., 2011). We next tested
whether ALS-linked profilin 1 proteins

BCK1, GIM5, IKI3, LSM6,
MSNS5, PBP1, VMA4

Figure 3.

select for MATa haploids

select for deletions by

stress granule
PBP1, TEF4, EAP1, SGN1
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pfyTA synthetic lethal screen. A, Schematic of yeast deletion screen. MATc strain harboring a PFY7 deletion

demonstrate a toxic gain-of-function ef-
fect in yeast. We transformed WT yeast
cells with high-copy plasmids containing
WT or mutant human profilin 1 under

(pfy1AzznatMX ) was mated to each strain in the yeast haploid deletion collection of nonessential genes (MATa, each gene deleted
with kanMX cassette; confers resistance to G418). Mating, sporulation, and mutant selection were performed based on (Tong etal.,
2001). Following growth at 30°Cfor 2 d, plates containing single (pfy7A) or double ( pfy7A xxxA) mutants were photographed
and colony sizes measured by HT Colony Grid Analyzer software, based on (Collins et al., 2006). B, A schematic of a yeast cell
highlighting categories of genes that were found to be synthetic lethal with pfy1A.

control of a strong galactose-inducible

promoter. We did not observe any toxicity with WT or ALS-
linked profilin 1 variant overexpression in this assay (data not
shown). These results suggest that, at least in yeast, ALS-linked
mutations in profilin 1 do not cause gain-of-function toxic prop-
erties. Although a toxic gain-of-function disease mechanism
should not be ruled out for these ALS-linked profilin 1 mutants,
this mechanism cannot be modeled using the yeast system.

Yeast synthetic lethal screen to identify novel

profilin functions

The yeast model system offers several experimental advantages.
Chief among them is the ability to rapidly perform unbiased

genetic screens (Boone et al., 2007). Indeed, the yeast model has
proven to be a useful platform for investigating pathogenic mech-
anisms associated with the ALS disease proteins TDP-43 and FUS
(Johnson et al., 2008, 2009; Ju etal., 2011; Sun etal., 2011) and for
suggesting novel genetic risk factors for the disease (Elden et al.,
2010; Couthouis et al., 2011, 2012). Synthetic lethal and overex-
pression screens can be used to discover genes and pathways that
normally interact with PFYT and to identify genetic pathways that
can bypass the loss of profilin activity.

We performed an unbiased, genome-wide synthetic lethal
screen to identify nonessential yeast gene deletions that became
sick or lethal when combined with the PFY1 deletion. We used
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Table 1. Yeast strains synthetically sick or lethal with pfy1A

J. Neurosci., June 11,2014 - 34(24):8083— 8097 * 8087

Human Human

Strain ortholog Function Score  Strain ortholog  Function Score
adel6A  ATIC Purine biosynthesis enzyme 4 mrpS1A — Mitochondrial ribosomal protein 4
aft1A — Transcription factor 1 msn5A XP05 Karyopherin; nuclear import/export 2
arpTA ACTR1A Actin-related protein; dynactin complex 1 mup3A SLC7A9 Low affinity methionine permease 4
atp2A  ATPAR2 Mitochondrial ATP synthase assembly 4 nbp2A — HOG (high osmolarity glycerol) pathway 4
bbc1A — Actin patch assembly 2 nes2A — Protein urmylation & tRNA wobble modification 2
bek1A MAP3K3 MAP kinase kinase kinase 1 nes6A aun Protein urmylation & tRNA wobble modification 1
bemdA  — Cell polarity and bud emergence 1 nhx1A SLC9A6 Na */H ™ and K "/H ™ exchanger 2
ber1A — Microtubule-related processes 2 nip100A  DCTNT Dynactin complex 2
bik1A LpP-170 Microtubule-associated protein 3 ost3A MAGT1 ER oligosaccharyltransferase complex 3
bnidA — Targeting subunit for Glc7p protein phosphatase 1 pacTA LIs1 Targets dynein to microtubule tips 1
bre1A — E3 ubiquitin ligase 4 pac10A PFDN3 Prefoldin complex 1
btsTA GGPST Geranylgeranyl diphosphate synthase 2 pacl1A — Dynein intermediate chain 4
bub2A TBCK Mitotic exit network regulator 1 pbp1A ATXN2 Pab1p-binding protein; stress granule component 4
bud6A — Actin- and formin-interacting protein 2 pepTA PARL Mitochondrial serine protease 4
caf40A RQCDT/CNOT9  CCR4-NOT transcriptional complex 2 pex1A PEXT AAA-peroxin 4
waplA CAPZAT Actin filament capping protein subunit 2 pho23A ING3 Rpd3 histone deacetylase complex 2
ccr4A (NOT6 (CR4-NOT transcriptional complex 1 pkr1A — V-ATPase assembly factor 4
dc50A TMEM30A Endosomal protein 1 ptc1A PPMTA Type 2C protein phosphatase (PP2C) 1
chs5A — Exomer complex component 1 rey1A — Plasma membrane recycling 3
chs6A — Exomer complex component 4 rpn4A — Transcription factor 4
chs7A — Unknown function 3 ns16TA  BIN3 Amphiphysin-like lipid raft protein 1
a4A PAK1 (dc42p-activated signal transducing kinase 4 rs167A  AMPH Actin-associated protein, endocytosis and exocytosis 1
mb1A PPP3R1 (alcineurin B subunit 4 saclA SACM1L Phosphatidylinositol phosphate (PtdInsP) phosphatase 3
0g6A (066 Golgi complex component 3 sac6A PLS3 Fimbrin, actin-bundling protein 1
c0g8A — Golgi complex component 3 sap30A SAP30L Histone deacetylase complex 1
dbp7A DDX31 DEAD-box family RNA helicase 4 sgn1A PABPN1 Cytoplasmic RNA-binding protein 4
dav1A — Unknown function 4 she9A — Mitochondrial inner membrane protein 2
dia2A — Origin-binding F-box protein 2 SI2A MAPK7 Serine/threonine MAP kinase/cell wall integrity 2
doalA PLAA Ubiquitin-mediated protein degradation 4 sin3A SIN3A Sin3p-Rpd3p histone deacetylase complex 1
drs2A ATP8AT Aminophospholipid translocase 2 smiTA — Cell well synthesis 4
dyn1A DYNCTHT Cytoplasmic heavy chain dynein 2 sn2A VAMP4 Vesicle membrane receptor protein (v-SNARE) 2
dyn3A — Dynein light- intermediate chain 1 snflA PRKAA2 AMP-activated serine/threonine protein kinase 3
eapTA — elF4E-associated protein 3 snf4A PRKAG2 Snf1p kinase complex 4
elm1A CAMKK1 Serine/threonine protein kinase 1 ste50A — Mating response, invasive/filamentous growth, osmotolerance ~ 2
elp2A ELP2 Elongator complex subunit 3 swelA PKMYT1 Cell-cycle protein kinase 1
elp3A ELP3 Elongator complex subunit 3 SWi6A — Transcription cofactor 1
elp4A ELP4 Elongator complex subunit 2 tef4A etF16 Translational elongation factor eEF1B subunit 4
elp6A — Elongator complex subunit 1 tlg2A STX16 Syntaxin-like t-SNARE 1
fet3A — Ferro-0,-oxidoreductase 2 tps2A — Trehalose-6-P synthase/phosphatase complex 3
fosTA AQP9 Plasma membrane channel 2 trs85A — TRAPPIII subunit 4
gim3A PFDN4 Prefoldin complex 2 tsalA PRDX2 Thioredoxin peroxidase 4
gim5A PFDN5 Prefoldin complex 3 twflA TWF1 Actin monomer-sequestering protein 3
gin4A BRSK1 Protein kinase 1 uba4A MOcs3 Protein urmylation & tRNA wobble modification 2
hbt1A — Polarized cell morphogenesis 4 umelA — Negative regulator of meiosis 3
hir3A CABINT HIR nucleosome assembly complex 3 ure2A — Nitrogen catabolite repression transcriptional regulator 1
hoc1A — Alpha-1,6-mannosyltransferase 4 vid22A — Glycosylated integral membrane protein 2
iki3A IKBKAP Elongator complex subunit 1 vip1A PPIP5KT Inositol hexakisphosphate (IP6) and IP7 kinase 4
im1A — Unknown function 3 vma4A ATP6VIET  Vacuolar H *-ATPase subunit 3
imi2A — Unknown function 4 yps1A DNM1L Dynamin-like GTPase; vacuolar sorting 2
irs4A — EH domain-containing protein 4 yps8A VPS8 CORVET complex; endosomal vesicle tethering 3
jnm1A — Dynactin complex component 4 yps9A RABGEFT  Guanine nucleotide exchange factor 4
kti12A KTI12 Interacts with Elongator complex 2 yps27A HGS Endosomal protein 4
1db18A DCTN3 Dynactin complex component 2 yps30A BECNT Phosphatidylinositol 3-kinase complexes | and Il 4
Ism1A LSm1 Cytoplasmic mRNA degradation 2 yps51A — GARP (Golgi-associated retrograde protein) complex 3
Ism6A LSM6 Cytoplasmic mRNA degradation 3 yps54A — GARP (Golgi-associated retrograde protein) complex 3
Ite1A — Similar to GDP/GTP exchange factors 2 whi2A — General stress response 3
mdm10A — ERMES and SAM complex 3 xrs2A — DNA repair 3
mdm2A  — Mitochondrial protein, ERMES complex 1 yke2A PFDN6 Prefoldin complex 1
mgm1A  OPA1 Mitochondrial GTPase 3 Jpt6A RAB6B Rab family GTPase 3
mdm20A  — NatB N-terminal acetyltransferase subunit 1 ypt31A RAB11B Rab family GTPase 3
mid1A — N-glycosylated integral membrane protein 3 ydr090cA  — Putative protein unknown function 2
mmmiA  — ERMES complex 3 ymr226cA - DHRS11 NADP(+)-dependent serine dehydrogenase 2
mnn10A  — Golgi mannosyltransferase complex 1 yelo43wA  — Predicted cytoskeleton protein; intracellular signaling 3
mnnT1A  — Golgi mannosyltransferase complex 3

Amean growth score was calculated for each strain and the 127 strains were separated into quartiles (1 for strongest lethal interaction, 4 for weakest) to demonstrate their strength of interaction with pfy7A. Human orthologs determined
by Protein Basic Local Alignment Search Tool (BLAST) (blast.ncbi.nlm.nih.gov) and functions annotated from the Saccharomyces Genome Database (www.yeastgenome.org).
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Profilin 1 localizes to stress granules in mammalian cells. A, Hela cells were treated with 0.5 mm arsenite for 1 h and coimmunostained with antibodies to detect profilin 1 and ataxin

2. Arsenite treatment resulted in profilin 1 localization to ataxin 2-positive stress granules, whose formation was blocked by cycloheximide treatment. Endoplasmic reticulum stress (2 mm DTT
treatment for 1 h) also resulted in profilin 1 localization to stress granules. B, An independent stress granule marker, HuR, was used to confirm profilin 1 localization to stress granules. €, Profilin 1
also localized to stress granules in U20S cells that express a G3BP-GFP stress granule reporter, upon arsenite or heat shock treatment. Scale bar, 10 wm.

SGA analysis (Tong et al., 2001) to introduce the pfyIA into each
nonessential yeast deletion strain by mating (Fig. 3A). Haploid
double deletion mutants were selected and scored based on
growth compared with single deletion mutants. We repeated the
screen four independent times and only hits that were repro-
duced at least three of four times were selected for further analy-
sis. We identified 127 gene deletions that were synthetic lethal or
synthetic sick in combination with pfyIA (Fig. 3B; Table 1). As
expected, because of a well characterized ability of profilin to
modulate actin filament dynamics (Wolven et al., 2000), we iso-
lated many actin-associated or actin-regulating genes in the
screen, including two previously reported synthetic lethal inter-
actions, bud6A and twflA (Wolven et al., 2000; Moseley et al.,
2004). Because ALS-linked mutant profilins are deficient in bind-
ing actin (Wu et al., 2012), the specific genetic interactors iden-
tified here may be useful for future investigation into cytoskeletal
defects resulting from PFNI-linked ALS mutations.
Unexpectedly, we identified six of the seven known yeast
genes that regulate protein urmylation (GO category 0032447),
elp2A, elp6A, ncs2A, nes6A, ure2A, and uba4A; the final gene a
previously identified negative genetic interactor with PFYI
(Surma et al., 2013). Urmylation is a poorly understood
ubiquitin-like posttranslational modification in yeast and mam-
malian cells, potentially involved in nutrient sensing and en-
hanced by oxidative stress (Goehring et al., 2003; Van der Veen et
al., 2011). Two of these genes, ELP2 and ELP6, encode members
of the elongator complex (Krogan and Greenblatt, 2001), a six-
subunit holoenzyme component of RNA polymerase II, of which
we identified all five nonessential subunits as synthetic lethal with
Py1A (iki3/elplA, elp2A, elp3A, elp4A, elp6A). Intriguingly, al-
lelic variants in Drosophila ELP3 are important for axonal sur-

vival and variants in human ELP3 have been associated with ALS
(Simpson et al., 2009). Many of these same genes are also impor-
tant for tRNA wobble codon modification (GO category
0002098; Fig. 3B) and have recently been implicated as sensitive
to changes in cellular actin levels (Haarer et al., 2013). ELP3 also
plays a direct role in tubulin acetylation (Creppe et al., 2009),
potentially further linking it to the cytoskeleton.

We also found several deletions of yeast genes encoding mem-
bers of dynein and dynactin complexes to be synthetic lethal with
pfylA (Table 1). These include dynein heavy chain, dynIA, light
intermediate chain, dyn3A, and intermediate chain, paclIA, as
well as the dynactin complex genes arplA, jnmIA, Idb18A, and
nipl00A. Furthermore, we identified a synthetic lethal interac-
tion of pfy1A deletion with two known dynein interactors, paclA
and bik1A, which target dynein to microtubules (Sheeman et al.,
2003). Several of these yeast genes have human orthologs (Table
1). In yeast these proteins are responsible for spindle assembly
and elongation during cell division (Moore et al., 2009), but in
postmitotic neurons the dynein and dynactin complexes are es-
sential for the retrograde axonal transport of cargos along micro-
tubules (Goldstein and Yang, 2000). Defects in this pathway have
previously been associated with neuronal dysfunction and motor
neuron diseases (LaMonte et al., 2002; Puls et al., 2003; Eschbach
and Dupuis, 2011; Harms et al.,, 2012; Ikenaka et al., 2013;
Kuzma-Kozakiewicz et al., 2013; Lipka et al., 2013; Oates et al.,
2013). Given the enrichment of this pathway in our pfyIA syn-
thetic lethal screen, it will be important in future studies to deter-
mine whether profilin 1 plays a role in this pathway in neurons
and whether ALS-linked mutations in profilin 1 result in defects
in dynein-dependent retrograde axonal transport.
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Figure 5.

Surprisingly, we identified several genes encoding processing
body (P-body) components, stress granule-associated proteins or
genes known to modify these granules as strongly interacting
with pfy1A in the synthetic lethal screen (Fig. 3B; Table 1). Stress
granules and P-bodies are large cytoplasmic RNA-protein assem-
blies with roles in multiple aspects of RNA metabolism. P-bodies
consist chiefly of the RNA decay machinery and are constitutively
present, while stress granules form transiently in response to cel-
lular stress and may act as storage sites for translationally re-
pressed mRNA and/or as hubs of stress signaling (Kedersha et al.,
2005, 2013; Buchan and Parker, 2009). Notably, Ism1A and ccr4A
were synthetic lethal with pfyI1A. They encode two known P-body
components (Sheth and Parker, 2003; Reijns et al., 2008). EapIA,
tef4A, and sgn1A were also synthetic lethal with pfyIA, encoding
two known vyeast stress-granule associated proteins, eIF4E-
associated protein and eEF1B, and one likely stress granule-
associated protein, Rbp29 (Buchan et al., 2008; Grousl et al.,

J. Neurosci., June 11, 2014 - 34(24):8083— 8097 * 8089

2013; Klass et al., 2013). We also identified several pfy1A interac-
tors that were also recently recognized in a screen for genes af-
fecting levels of yeast P-bodies and/or stress granules (Buchan et
al., 2013), including bek1A, gim5A, iki3A, Ism6A, msn5A, and
vma4A (Table 1). The results from that screen suggested that the
prefoldin complex, a six-subunit molecular chaperone, may be
important for yeast P-body granule dynamics (Buchan et al,,
2013). Interestingly, four of the seven known members of the
prefoldin complex (paclOA, yke2A, gim3A, and gim5A) are syn-
thetic lethal with pfyIA, including gim3A, a previously identified
negative genetic interactor with PFY1 (Surma et al., 2013).

Strikingly, we also identified a synthetic lethal interaction be-
tween pfylA and pbpIA. Pbpl is a well established component
and modifier of yeast stress granules; deletion of PBPI results in
impaired stress granule formation in yeast (Buchan et al., 2008).
Pbpl is the yeast ortholog of human ataxin 2 and intermediate-
length polyglutamine (polyQ) repeats in ataxin 2 are a genetic
risk factor for ALS (Elden et al., 2010). Like Pbp1 in yeast, ataxin
2 is also a stress granule-associated protein in mammalian cells
(Ralser et al., 2005). Ataxin 2 levels critically regulate RNP gran-
ule formation in mammalian cells— overexpression of ataxin 2
results in a reduction in P-bodies, whereas knockdown of ataxin
2 impairs stress granule formation (Nonhoff et al., 2007).

Impairment of RNP granule dynamics has recently emerged
as a central cell biological contributor to ALS pathogenesis
(Wolozin, 2012; Buchan et al., 2013; Li et al., 2013; Ramaswami et
al., 2013). Several ALS-associated genes including TARDBP,
FUS/TLS, VCP, hnRNPA2B1, hnRNPA1, and ATXN2 encode
stress granule-interacting proteins. Mutations in these proteins
can alter their propensity to transit into and be cleared from stress
granules (Bosco et al., 2010; Liu-Yesucevitz et al., 2010; Baron et
al., 2013; Buchan et al., 2013; Kim et al., 2013). Several of these
same proteins are also known to mislocalize to the proteinaceous
inclusions prominent in ALS patient spinal motor neurons (Neu-
mann et al., 2006; Elden et al., 2010; Li et al., 2013). These path-
ological inclusions in ALS are also immunopositive for other
stress granule components such as PABP1, eIF4G, elF3, ataxin 2,
HuR, and TIA-1 (Liu-Yesucevitz et al., 2010; Bentmann et al.,
2013). Indeed, it has been suggested that pathological ALS inclu-
sions evolve from persistent stress granules that accumulate as a
result of imbalanced assembly and clearance (Ramaswami et al.,
2013). Given the accruing evidence for the role of stress granule
dynamics in ALS and the enrichment of genes encoding RNP-
modifiers and stress granule proteins in our pfyIA yeast screen,
including Pbp1/ataxin 2, we next tested the hypothesis that pro-
filin 1 associates with stress granules.

Profilin 1 associates with stress granules in human cells

A role for profilin 1 in stress granules has not been previously
reported. We first tested whether profilin 1 could associate with
stress granules in human cells. To induce stress granule forma-
tion, we treated HeLa cells with 0.5 mM sodium arsenite (oxida-
tive stress) or 2 mm DTT (endoplasmic reticulum stress) for 1 h.
Coimmunostaining for endogenous profilin 1 and ataxin 2, an
established stress granule marker, revealed prominent colocaliza-
tion of profilin 1 with ataxin 2-positive stress granules (Fig. 4A).
To verify that these cytoplasmic accumulations represented stress
granules, we cotreated cells with cycloheximide, which blocks
stress granule formation by inhibiting translation elongation and
stopping the release of mRNAs from polysomes (Kedersha and
Anderson, 2002). This treatment also blocked profilin 1/ataxin
2-positive stress granule formation (Fig. 4A). We corroborated
these findings using a second stress granule marker, the RNA-
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Figure 6.  Profilin 1 localizes to stress granules in U20S cells and overexpression can induce

stress granule formation in untreated cells. A, U20S G3BP-GFP cells stained for endogenous
profilin Tin untreated conditions, after 30 min. 0.5 mmarsenite, 2 h heat shock at 43°C, and after
2 h recovery from the heat shock. B, U20S G3BP-GFP cells transiently transfected with V5-WT
profilin 1 or ALS-linked mutants. Stably expressed G3BP-GFP was used as a stress granule
marker. The arrow points to aggregating (71G-protein separate from G3BP-positive stress
granules. Scale bar, 10 wm.

binding protein HuR. HuR is a predominantly nuclear protein
that redistributes into the cytoplasm after arsenite stress (Fig. 4B).

We analyzed profilin 1’s association with stress granules in
another human cell line. Using osteosarcoma U20S cells engi-
neered to stably express low levels of the stress granule protein
Ras-GAP SH3-domain binding protein tagged to GFP (G3BP-
GFP), we treated cells for 30 min with 0.5 mM sodium arsenite or
with a 2 h heat shock at 43°C. Both of these treatments induced
robust G3BP-GFP-positive stress granule formation. Immuno-
staining these cells revealed colocalization of endogenous profilin
1 with G3BP-GFP-positive stress granules after arsenite treat-
ment or heat shock (Fig. 4C). Thus, in two independent human
cell lines (HeLa and U20S), using three independent stressors
(arsenite, DTT, heat shock), and three independent stress granule

Figley et al. @ Profilin 1and Stress Granules

markers (ataxin 2, HuR, G3BP), we provide evidence that profilin
1 is a novel stress granule-associated protein.

Profilin 1 and 2 associate with stress granules in

primary neurons

To extend our studies from cell lines to primary neurons, we
cultured mouse primary cortical neurons and induced stress
granules with a variety of cellular stressors; either 0.5 mM sodium
arsenite, 2 mM DTT, or heat shock at 43°C for 1 h (Kaehler et al.,
2012). Immediately following stress, we fixed the cells and per-
formed immunocytochemistry to determine the localization of
profilin 1 and ataxin 2. In untreated mouse primary cortical neu-
rons, as in HeLa and U20S cells, ataxin 2 and profilin 1 both
exhibited a diffuse cytoplasmic signal, with profilin 1 also local-
izing to the nucleus (Fig. 5A). Ataxin 2 formed stress granules in
response to cellular stressors, revealed by immunostaining as sev-
eral small cytoplasmic puncta (Fig. 5A). Immunostaining for
profilin 1 demonstrated prominent colocalization with ataxin
2-positive neuronal stress granules (Fig. 5A). To further test
whether these cytoplasmic puncta represent stress granules, we
treated neurons with cycloheximide to block the formation of
arsenite-induced stress granules (Kedersha and Anderson, 2002).
Cotreatment with arsenite and cycloheximide blocked the for-
mation of ataxin 2/profilin 1-positive cytoplasmic puncta,
providing further evidence that the profilin 1 puncta represent
stress granules.

Neurons are unique among cell types because they express a
second profilin protein, profilin 2 (Witke et al., 1998). Given the
ability of profilin 2 to compensate for profilin 1 in some aspects of
its neuronal functions (Michaelsen et al., 2010) and its ability to
rescue pfylA yeast (Fig. 1D) we also assessed whether profilin 2
could associate with stress granules in mouse primary cortical
neurons. We confirmed the specificity of our antibodies to dis-
tinguish profilin 1 from profilin 2 using immunoblotting of
Pfy1A yeast cells expressing either human profilin 1 or profilin 2
(data not shown) and by immunoblotting following siRNA
transfection of the U20S cells to reduce the expression of profilin
1, profilin 2, or both (data not shown). By immunostaining after
1 h arsenite treatment, we find that profilin 2 also colocalizes with
ataxin 2-positive neuronal stress granules (Fig. 5B). These exper-
iments demonstrate a novel ability of both profilins 1 and 2 to
transit to stress granules in mammalian neurons.

ALS-linked PFN1 mutations alter stress granule dynamics

We next sought to assess whether the ALS-linked mutations in
profilin 1 alter its ability to transit to or be cleared from cellular
stress granules. We again used the U20S-G3BP-GFP cells to
monitor stress granule dynamics. Nearly all cells form robust
G3BP and profilin 1-positive stress granules after 30 min treat-
ment with 0.5 mM arsenite or 2 h heat shock at 43°C, and stress
granules dissolve in ~90% of cells allowed to recover for a further
2 h at 37°C (Figs. 6A, 7D; quantification as “endogenous”). We
then compared stress granule dynamics in these cells after tran-
sient transfection with plasmids encoding N-terminally V5-
tagged WT profilin 1 or the ALS-linked profilin 1 mutants C71G,
T109M, M114T, E117G, and G118V. We chose the relatively
small V5-tag at the N terminus given the small size of profilin 1
(~15kDa) and previous studies establishing the damaging effects
of tagging profilin with a large fluorescent protein like GFP at the
C-terminus (Wittenmayer et al., 2000). We fixed cells and per-
formed immunocytochemistry to detect profilin 1’s V5 epitope
tag. Transient transfection of WT profilin 1 was sufficient to in-
duce stress granules in 18.6% of cells in the absence of stress (Figs.



Figley et al. @ Profilin 1and Stress Granules J. Neurosci., June 11,2014 - 34(24):8083— 8097 + 8091

A G3BP-GFP V5-PFN1 DAPI Merge  Magnify C G3BP-GFP V5-PFN1 DAPI Merge

Magnify

C71G wT

M114T

43°C-37°C

Profilin1 mutations

arsenite
Profilin1 mutations
E117G

T109M

IIIII

TEErE T

% of cells with SGs
g

untreated arsenite  heat shock recovery from HS
(43°C 2h) (37°C 2h)

100 - -
90

80 I 22,

43°C
Profilin1 mutations
% of cells with PFN1 in SGs

untreated arsenite  heat shock recovery from HS

(43°C 2h) (37°C 2h)
]
c
o 100
© %
& w
590
mw 70
T £ o0
Z 0 I
L = 50
&=
O 40 1
£2. I
]
0w g 20
= =
[] 10 l |I i
,f'_’ ° d 8 | l
o PEOE>0S gEUE>0S gEUL>0S gEOL>0sS
2 §55iEEE §spiPni §spiEtg §scistg
5 CSouF § ©sSour § ©souF § ©so6ur

untreated arsenite  heat shock recovery from HS
(43°C 2h) (37°C 2h)

Figure7. Effect of profilin 1and ALS-linked mutations on stress granule dynamics. A, U20S G3BP-GFP cells transiently transfected with V5-WT profilin 1 or ALS-linked mutations and treated with
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Profilin 1is not required for stress granule assembly or disassembly in human U20S cells. A, U20S-G3BP-GFP cells examined by immunofluorescence for the stress granule markers G3BP

and elF4G. Cells show stress granule assembly upon heat shock at 43°C (2 h) and rapid clearance of stress granules upon return to 37°C. Cells treated with PFN1-targeting siRNA or with control
nontargeting siRNA show normal stress granule assembly, and normal disassembly following return to 37°C(2 h). Scale bar, 10 m. B, Quantification of data in A, mean values based on a minimum
of three replicate experiments == SEM. C, Western blot and quantification of PFN1 protein levels in cells from A, mean values based on a minimum of three replicate experiments = SEM.

6B,7 D, E). This suggests that profilin 1 may promote stress gran-
ule assembly, a function previously attributed to other stress
granule-associated proteins, including G3BP and TIA-1 (Tourri-
ereetal., 2003; Gilks et al., 2004). Compared with the WT profilin
1 protein, the C71G, M114T, and T109M mutants were impaired
in their ability to induce stress granules in untreated cells, sug-
gesting a loss-of-function (Figs. 6B, 7D; WT vs C71G, M114T,
and T109M, p = 4.4E-3, 0.016, and 5.4E-3, respectively). Strik-
ingly, the C71G mutation, and to a lesser extent the M114T mu-
tation, resulted in cytoplasmic protein aggregates distinct from
stress granules (Fig. 6B), consistent with previous observations in
other cell types (Wu et al., 2012). These cytoplasmic protein ag-
gregations, which are distinct from stress granules, are observed

in untreated cells and persist during arsenite and heat shock treat-
ment and after recovery (Fig. 7A-C,F).

After arsenite or heat shock, V5-tagged WT profilin 1 local-
ized to G3BP-GFP-positive stress granules (Fig. 7 A, B), providing
further confirmation that profilin 1 localizes to stress granules.
After 30 min arsenite treatment or 2 h 43°C heat shock, all cells
formed G3BP-GFP-positive stress granules regardless of the pres-
ence of WT profilin 1 or the ALS-linked mutant proteins (Figs.
6B, 7A-D). Thus, the presence of ALS-linked profilin 1 mutant
proteins does not affect stress granule formation per se. The one
exception to this rule was the G118V mutant, which resulted in
cell death upon heat shock stress (Fig. 7D). This behavior suggests
a gain-of-function and/or dominant negative toxicity for overex-
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Figure 9.  Profilin is not required for stress granule assembly after heat shock in yeast. WT
and pfy1A yeast expressing Pab1-GFP as a stress granule marker and Edc3-mCherry as a P-body
marker were grown to mid-log phase and then subjected to 15 min at 30°C or heat shock at
42°C. Live cells were imaged using a fluorescence microscope. Scale bar, 7 m.

pression of the profilin 1 G118V mutant protein during cellular
stress. Although the other ALS-linked profilin 1 mutations did not
affect the ability of the cells to form stress granules (Fig. 7A-D), the
C71G, M114T, and G118V mutants were themselves defective at
being targeted to those arsenite-induced stress granules compared
with WT profilin 1 (Fig. 7D, E; WT vs C71G, M114T, and G118V,
p = 7.8E-4, 1.9E-5, and 1.2E-5, respectively).

Paralleling the transient expression of WT profilin 1 inducing
stress granule formation in untreated cells, expression of the WT
protein also resulted in a marked decrease in the ability of stress
granules to be cleared after recovery from heat shock (Fig. 7C-E;
endogenous vs WT, p = 3.3E-3). Expression of the E117G variant
protein caused an even greater reduction in the ability of the cell
to disassemble stress granules after recovery (Fig. 7C-E; WT vs
E117G, p = 2E-3), potentially providing a mechanism for E117G
as an ALS risk factor (Fratta et al., 2014).

Profilin 1 is not required for stress granule formation in
human U20S cells or in yeast

Because overexpression of WT profilin 1 can induce stress gran-
ule formation (Fig. 6A), we next sought to assess whether profilin
1 is required for stress granule formation or clearance. We re-
duced profilin 1 levels in U20S G3BP-GFP cells by treatment
with an siRNA pool targeting profilin 1. As controls, cells were left
untreated or were treated with nontargeting siRNAs. After 48 h
treatment with siRNA, cells were left at 37°C, were subjected to
43°C heat shock for 2 h to induce stress granule formation, or 2 h
heat shock and 2 h recovery at 37°C to monitor stress granule
disassembly, followed by fixation. Cells with stress granules were
quantified using fluorescence microscopy to detect G3BP-GFP
and immunostaining for endogenous eIF4G as an independent
stress granule marker (Fig. 84). Reducing profilin 1 levels by
~70% (Fig. 8C), we observed no change in stress granule forma-
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tion in response to heat shock or in stress granule clearance fol-
lowing heat shock recovery (Fig. 8B), suggesting that profilin 1 is
not essential to these processes.

We performed similar loss-of-function studies to determine
whether profilin is required for stress granule formation in yeast.
We transformed WT or pfy1A yeast cells with a plasmid encoding
Pab1-GFP as a stress granule marker and Edc3-mCherry as a
P-body marker. Yeast were grown to mid-log phase and stress
granules were induced by 15 min. heat shock at 42°C. Both WT
and pfy1A yeast cells responded to heat shock by forming robust
Pab1-GFP stress granules, as well as inducing an increase in Edc3-
mCherry-positive P-bodies (Fig. 9), suggesting that the yeast pro-
filin, similar to human profilin 1, is not required for stress granule
formation in response to heat shock stress.

Discussion

Mutations in the PEN1 gene were recently identified as a cause of
FALS (Wu et al., 2012). We developed a simple yeast model sys-
tem to test the effects of the ALS-linked variants on profilin 1
function. Whereas WT profilin 1 could functionally replace yeast
profilin, several of the ALS-linked variants, including C71G,
M114T, and G118V were defective in this function. Our yeast
data suggest that the E117G variant is unlikely to be pathogenic or
is incompletely penetrant, consistent with it being identified in
both ALS cases and controls (Wu et al., 2012). We suggest that
this yeast model will be a useful platform for rapidly testing the
effects of any new PFN1 variant identified by additional sequenc-
ing of ALS cases and controls.

Another use for the yeast model could be to compare and
contrast the severity of profilin 1 variants to prioritize them for
generating additional model systems, such as fly, worm, ze-
brafish, and mouse. Based on our analysis of the existing ALS-
linked profilin 1 variants in yeast as well as the results of Landers
and colleagues (Wu et al., 2012), the C71G variant might be the
best variant to pursue in such studies.

Given the strong functional conservation between yeast and
human profilin 1 (Fig. 1A), we performed an unbiased genetic
screen in yeast to elucidate novel functions for yeast profilin as
well as new regulators of its known functions. We identified three
main classes of genes: (1) genes involved in actin binding and
cytoskeletal dynamics, (2) dynein and dynactin associated genes,
and (3) genes involved in stress granules and P-bodies. Because of
the emergence of stress granules as key contributors to ALS
pathogenesis (Li et al., 2013), we focused our studies on potential
roles of profilin 1 in stress granules.

Using multiple independent mammalian cell lines, including
primary rodent neurons, we provide evidence that profilin 1 (and
profilin 2) robustly localizes to stress granules upon exposure to
diverse environmental stressors. These results now link profilin 1,
the newest ALS disease protein, to stress granules, and raise the
question of how profilin 1 associates with stress granules and
what effect the ALS-linked profilin 1 mutations have on stress
granule localization and/or dynamics.

Using a stress granule reporter cell line (U20S-G3BP-GFP)
we quantitatively assessed stress granule assembly and disassem-
bly and tested the effects of WT and ALS-linked profilin 1 muta-
tions on this process. Transient transfection of WT profilin 1
induced stress granule formation and delayed disassembly fol-
lowing stress, suggesting that profilin 1 activity promotes stress
granule assembly. Interestingly, the profilin 1 mutants C71G,
M114T, and T109M were impaired in the ability to induce stress
granule formation in the absence of stress. Expression of one of
the ALS-linked profilin 1 mutants, G118V, caused cell death fol-
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lowing heat stress. Whereas the other ALS-linked profilin 1 mu-
tants did not disrupt the ability of cells to form stress granules, the
C71G, M114T, and G118V mutant proteins were defective at
being targeting to arsenite-induced stress granules when com-
pared with the WT protein, and the E117G mutant was signifi-
cantly slower to be cleared from stress granules upon heat stress
removal. Two of these profilin 1 mutants, C71G and M114T, also
formed aggregates that were distinct from stress granules. In
summary, these experiments demonstrate that ALS-linked mu-
tations in profilin 1 can alter the ability of the protein to be
targeted to and cleared from cellular stress granules. Thus, profi-
lin 1 can be added to the growing list of ALS-linked mutations in
several genes, including TARDBP, FUS/TLS, hnRNPAI, hn-
RNPA2/B1, and VCP, which result in mutant proteins with al-
tered stress granule dynamics (Liu-Yesucevitz et al., 2010; Baron
et al., 2013; Buchan et al., 2013; Kim et al., 2013). Future studies
will be required to define the mechanism by which profilin 1 is
recruited to stress granules (i.e., is actin binding required?). Our
studies reveal an unexpected and highly conserved connection
between profilin 1 and cellular stress granules and provide mech-
anistic insight into how ALS-linked mutations can affect stress
granule dynamics.

The identification of profilin 1 mutations as a cause of FALS
opens up a new area of ALS research and suggests that defects in
actin dynamics and the cytoskeleton might contribute to patho-
genesis. These core cell biological processes are remarkably well
conserved, making yeast an ideal model system for studying pro-
filin biology and a launching pad for follow-up experiments in
more complicated model systems. Our yeast screens also reveal
unexpected connections to dynein/dynactin complexes and
stress granules, both of which can be pursued further in yeast and
other model systems. Intriguingly, dynein has been previously
implicated as a regulator of stress granule dynamics in mamma-
lian and Drosophila-derived cells. Dynein light, intermediate, and
heavy chains, as well as the dynein adaptor bicaudal D1 (BicD1)
have been localized to stress granules (Loschi et al., 2009; Tsai et
al., 2009). Furthermore, stress granule formation is severely im-
paired by inhibiting dynein function, either by RNAi knockdown
of dynein components or overexpression of dominant negative
p50 dynactin (Loschi et al., 2009; Tsai et al., 2009).

Although profilin has a well characterized role in modulating
actin filaments, the genetic interaction between profilin and dy-
nein/dynactin makes it tempting to speculate that the former
might also intersect with microtubule-based processes. The sur-
prising finding that the microtubule subunit tubulin forms a
complex with profilin 1 in mouse brain lysates (Witke et al.,
1998) also fuels this speculation. While several studies using
microtubule-altering manipulations point to a role for the mi-
crotubule cytoskeleton in stress granule dynamics (Ivanov et al.,
2003; Kwon et al., 2007; Kolobova et al., 2009; Loschi et al., 2009),
a defining role of the filamentous actin cytoskeleton in this pro-
cess remains unresolved. Initial studies using actin filament de-
stabilizing drugs have reported various changes in stress granule
dynamics, including an increase in the proportion of large stress
granules (latrunculin B; Ivanov et al., 2003), the formation of
scattered, numerous small granules (cytochalasin B; Loschi et al.,
2009), or no change in stress granule formation (latrunculin B or
cytochalasin D; Kwon et al., 2007). Stress granule formation and
disassembly are also blocked by pharmacologic treatment of cells
with the dynein inhibitor EHNA, a result that has been inter-
preted as evidence of a role for dynein and microtubules in stress
granule dynamics (Kwon et al., 2007; Tsai et al., 2009). However,
EHNA treatment is not entirely selective toward dynein motor
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inhibition, but also severely impairs several actin-dependent pro-
cesses, including actin filament formation (Schliwa et al., 1984).
Importantly, the actin and microtubule cytoskeletons can be
functionally linked (Ji et al., 2002). This has been observed in the
Drosophila oocyte, as microtubule bundling and microtubule-
dependent cytoplasmic streaming are induced by actin filament
disruption with cytochalasin D treatment and in Drosophila pro-
filin 1 chickadee mutants (Manseau et al., 1996). Given our find-
ing of profilins 1 and 2 as stress granule-associated proteins, the
role of the actin and microtubule cytoskeletons in stress granule
dynamics clearly deserves further attention.

Our studies revealed an unexpected genetic interaction be-
tween profilin 1 and ataxin 2, which led us to pursue a role for
profilin 1 in stress granules. Another possible interpretation of
these results is that ataxin 2 might play an important role in
actin-regulated cellular processes and cytoskeletal dynamics. In-
triguingly, in Drosophila, either loss or upreglation of the ataxin 2
ortholog Datx2 causes germline and sensory bristle defects nearly
identical to those of the Drosophila profilin 1 mutant chickadee
(Satterfield et al., 2002). Yeast ataxin 2 ortholog Pbp1 has also
been localized to cortical actin patches (Michelot et al., 2010).
These results, together with our identification of a synthetic lethal
interaction between PBP1 and PFY1 in yeast, suggest that ataxin 2
may function in parallel to or regulate profilin 1’s role in the
assembly and bundling of actin filaments. Future studies will
focus on defining the interplay between profilin 1, ataxin 2, actin
dynamics, stress granules, and ALS pathogenesis.
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