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FAMO98A is localized to stress granules and associates with multiple
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Abstract

Stress granules are evolutionally conserved ribonucleoprotein structures that are formed in response to various stress stimuli.
Recent studies have demonstrated that proteins with low complexity (LC) regions play a critical role for the formation of
stress granules. In this study, we report that FAM98A, whose biological functions are unknown, is a novel component of
stress granules. FAM98A is localized to stress granules, but not to P-bodies, after various stress stimuli. Analysis with
deletion mutants revealed that C-terminal region that contains LC region was essential for FAM98A accumulation to stress
granules. Depletion of FAM98A using two different siRNAs decreased the number of stress granules formed per cell. Finally,
we show that FAM98A associates with stress granule-localized proteins, such as DDX1, ATXN2, ATXN2L, and NUFIP2.
Our results show a partial role of FAMO98A for the organization of stress granules.
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Introduction

Stress granules are non-membranous ribonucleoprotein
structures that are induced by various stress stimuli, such
as heat, osmotic shock and oxidation [1]. One of the critical
events for stress granule formation is phosphorylation of ser-
ine 51 of elF2a (eukaryotic initiation factor 2 alpha), which
is mediated by one or more of the four protein kinases, HRI
(heme-regulated inhibitor), PERK (protein kinase R-like
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endoplasmic reticulum kinase), PKR (protein kinase R),
GCN2 (general control non-derepressible 2) [2]. The phos-
phorylation inhibits formation of eIF2/tRNAM/GTP ter-
nary complex that is essential for the initiation of transla-
tion [3]. In the absence of the ternary complex, ribosomes
already in translation “run-off” polysomes, promoting accu-
mulation of messenger ribonucleoprotein particles (mRNPs)
that leads to the assembly of stress granule. In addition to
translational suppression, post-translational modifications,
such as phosphorylation, ubiquitination, and arginine meth-
ylations, are important for either assembly or disassembly
of stress granules [4, 5].

Stress granule formation has been demonstrated to be
critical for the survival of cells in response to stresses. For
example, RACKI1 (receptor for activated C kinase 1) is a
scaffolding protein that promotes activation of p38/JNK
(c-Jun N-terminal kinase) signaling cascade to initiate
apoptosis [6]. Upon stresses, such as hypoxia, RACKI is
sequestered in stress granules so that the activation of apop-
totic pathway is inhibited [7]. Another protein that is trapped
in stress granules for cell survival is ROCK1 (rho associ-
ated coiled-coil containing kinase 1), which phosphorylates
JIP-3 (JNK interacting protein 3) for the activation of INK
pathway for the induction of apoptosis in response to stress
stimuli [8]. Stress granules are also known to promote cell

@ Springer


http://orcid.org/0000-0001-9637-5381
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-018-3397-6&domain=pdf

108

Molecular and Cellular Biochemistry (2019) 451:107-115

survival by protecting mRNAs coding factors essential for
the activation of survival pathways. Once stress granules are
disassembled by the removal of stress, proteins necessary for
cell survival are translated from mRNAs protected in stress
granules [3].

Accumulating studies have identified a number of pro-
teins that are associated with stress granule organization
[9]. For instance, G3BP1 (Ras GTPase activating protein
binding 1) is one of the critical constituents of stress gran-
ules and its depletion inhibits stress granule organization
[10-13]. G3BP1 has multiple binding proteins and func-
tions to recruit various proteins and RNAs to stress gran-
ules [2]. Recent proteomics studies have reported important
functions of proteins with low complexity (LC) regions for
stress granule formation [14, 15]. LC regions contain little
diversity in amino acid sequence, but play important roles
for protein—protein and protein—RNA interactions [16, 17].
In vitro studies have shown that proteins with LC regions can
assemble hydrogels through a process called liquid-liquid
phase separation (LLPS), which allows proteins to reversibly
concentrate in discrete foci in cells [18]. It is speculated that
LLPS mediated by proteins with LC regions regulates the
organization of ribonucleoprotein (RNP) granules, including
stress granules.

We previously reported that FAM98A (family with
sequence similarity 98 member A) is a novel substrate
of PRMT1 (protein arginine methyltransferase 1) and
is required for the malignancy of ovarian cancer [19].
FAMO98A has LC regions rich in glycine in the C-terminus.
A previous study reported that FAM98A was identified by
mass spectrometry analysis using purified core parts of
stress granules [9]. In this report, we show that FAM98A is
a stress granule-localized protein and form a complex with
stress granule-localized proteins, such as DDX1 (DEAD box
helicase 1), ATXN2 (ataxin 2), ATXNL?2 (ataxin 2 like), and
NUFIP2 (FMRI1 interacting protein 2).

Materials and methods
Cells, antibodies, and chemicals

HeLa cells that were obtained from RIKEN BioResource
Center (Tsukuba, Japan) were cultured in DMEM (Wako,
Osaka, Japan) supplemented with 10% FBS and antibiotics
at 37 °C. Antibodies were obtained from the following com-
panies: anti-FAM98A antibody (ARP44265-P050), Aviva
Systems Biology (San Diego, CA, USA); anti-G3BP1 anti-
body (611,126), BD Biosciences (San Jose, CA, USA); anti-
elF4E antibody (sc-9976), Santa Cruz Biotechnology (Santa
Cruz, CA, USA); anti-DCP1A antibody (H00055802-MO06),
Abnova (Taipei, Taiwan); anti-Flag antibody (014-22383),
Wako; anti-ATXN2 (A301-118A-T), anti-ATXN2L
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(A301-371A-T), anti-NUFIP2 (A301-599A-T), and anti-
DDX1 (A300-521A-T) antibodies, Bethyl laboratories
(Montogomery,TX, USA). Adenosine-2' 3'-dialdehyde
(Adox) was purchased from Wako.

siRNA transfection

The sequences of the siRNAs used to suppress FAM98A
expression were 5'-CCAAACCUCCAGCCAAUAUTT-3'
(FAMO8A siRNA#1), 5'-CCGAAACGUUCAGUCUUA
UTT-3' (FAM98A siRNA#2). HeLa cells were transfected
with 50 nM siRNA using Lipofectamine RNAIMAX (Invit-
rogen, Carlsbad, CA, USA).

Generation of stable cell lines

To produce HeLa cells that constitutively expressed Flag
tagged full length, C-terminus, or N-terminus FAM98A,
each cDNA was cloned into pQCXIP retroviral vector (Clon-
tech, Mountain View, CA, USA). 293T cells were trans-
fected with the pQCXIP vector encoding each FAM98A
cDNA together with pVPack-GP and pVPack-Ampho vec-
tors (Stratagene, Tokyo, Japan). The culture supernatant was
collected 48 h later and applied to HeLa cells with 2 pg/mL
of polybrene (Sigma-Aldrich, St. Louis, MO, USA). After
24 h, 1 ug/mL of puromycin (Sigma-Aldrich) was added to
select for infected cells.

Immunoblot analysis

Cells were lysed with Laemmli sample buffer (20% glycerol,
135 mM Tris—HCI, pH 6.8, 4% SDS, 10% 2-mercaptoetha-
nol, 0.003% BPB) and denatured by boiling for 5 min. The
protein concentrations of the lysates were measured using
the RC-DC Protein Assay (Bio-Rad Laboratories, Hercules,
CA). Equal protein quantities of the lysates were electro-
phoresed on SDS—polyacrylamide gels and transferred to
PVDF membranes (Millipore, Darmstadt, Germany). The
membrane was blocked with 0.5% non-fat skim milk for
1 h, incubated with primary antibody for 1 h, washed with
TBS-T for 15 min, incubated with HRP-conjugated second-
ary antibody for 1 h. and then signals were detected using
ECL system (Nacalai Tokyo Japan).

Immunofluorescence analysis

Cells cultured on fibronectin-coated glass cover slips were
transfected with siRNAs and then stimulated with 0.5 mM
arsenite for 30 min, 300 mM sorbitol for 30 min, 1 mM
hydrogen peroxide for 1.5 h, or heat (44 °C) for 30 min.
Cells were fixed with 4% paraform aldehyde for 20 min and
blocked with phosphate-buffered saline (PBS) containing
10% FBS for 30 min. The cells were incubated with primary
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antibodies for 1 h, washed with PBS, and incubated with
Alexa Fluor 488- or Alexa Fluor 594-labeled secondary anti-
bodies (Invitrogen, Carlsbad, CA, USA) for 1 h. Images were
acquired using an FV1000 laser scanning confocal micro-
scope (Olympus, Tokyo, Japan).

Immunoprecipitation

Cells were lysed in lysis buffer (35 mM Tris—HCI (pH 7.4),
150 mM NaCl, and 1% NP-40) for 15 min on ice and centri-
fuged at 15,000 rpm for 20 min. The supernatants were incu-
bated with anti-Flag antibody beads (Wako, Osaka, Japan) at
4 °C for 1 h. The beads were washed three times with lysis
buffer and suspended in sample buffer.

Statistical analysis

Values are expressed as the mean + SD. Comparisons
between groups were performed with a one-way or two-way
ANOVA using GraphPad Prism software version 7.0.

Results
FAM98A localizes to stress granules

To determine whether FAM98A is a component of stress
granules, HeLa cells were treated with different concentra-
tions of arsenite for 30 min and then immunostained with
anti-FAMO98A and anti-G3BP1 antibodies. Formation of
stress granules, which was judged by the accumulation of
G3BP1, was observed with concentrations of arsenite higher
than 0.1 mM (Fig. 1a). FAM98A was clearly co-localized
with G3BP1 in cells treated with 0.1 and 0.5 mM of arsenite
(Fig. 1a). Stress granules are formed by other stresses, such
as heat, osmotic shock, and hydrogen peroxide. FAM98A
was also co-localized with G3BP1 in cells treated with these
stresses (Fig. 1b). Cycloheximide, which inhibits elongation
of ribosome for protein synthesis, is known to disrupt for-
mation of stress granules [20]. HeLa cells were stimulated
with arsenite in the absence or presence of cycloheximide
and immunostained for FAM98A and eIF4E, which is one
of the stress granule markers [21]. As shown in Fig. 1c, both
FAMO98A and eIF4E localized to the cytoplasmic dots, and
the organization of these dots were disrupted in the presence
of cycloheximide. These results clearly show that FAM98A
is a novel component of stress granules.

Processing body (P-body) is a cytoplasmic foci that is
composed of various enzymes for mRNA turnover [1].
Some proteins are known to localize to both stress gran-
ules and P-bodies. We tested if FAMO98A is also local-
ized to P-body by immunofluorescent analysis. HeLa cells
treated or non-treated with arsenite were immunostained

for FAM98A and DCPI1A, which is a specific marker for
P-bodies [1]. As shown in Fig. 1d, FAM98A did not co-
localize with DCP1A, indicating that FAM98A specifi-
cally localizes to stress granules.

C-terminal region is responsible for FAM98A
localization to stress granules

We next tested which region of FAM98A was required
for the localization. FAM98A has a LC region that is
rich in glycine in the C-terminus, but has no specific
domain in the N-terminus. HeLa cells that constitutively
expressed Flag tagged either full length (FL), C-termi-
nus (C) or N-terminus (N) FAM98A was generated and
immunostained for Flag and G3BP1 after arsenite treat-
ment. Although full length and C-terminus clearly local-
ized to stress granules, N-terminus did not show any spe-
cific localization (Fig. 2a). The specific localization of
the C-terminus was observed in cells treated with 44 °C
for 30 min as well (Fig. 2a). These results show that the
C-terminal region that contains LC region is critical for
the localization of FAM98A to stress granules.

We previously reported that the C-terminal region of
FAMO98A was arginine methylated by PRMT1 [19]. To test
if arginine methylation was required for FAM98A localiza-
tion to the stress granules, cells were treated with arsenite
in the presence or absence of Adox, an inhibitor for argi-
nine methylation. Addition of 100 uM of Adox, which
is sufficient for the inhibition of arginine methylation of
FAMO98A [19], did not affect FAM98A accumulation to
stress granules (Fig. 2b). The result indicates that arginine
methylation is dispensable for the FAM98A localization
to stress granules.

Depletion of FAM98A reduces the number of stress
granules per cell

We next examined whether FAM98A was required for the
organization of stress granules. Treatment of HeLa cells with
FAMOS8A siRNAs efficiently reduced FAM98A expression
(Fig. 3a). Cells treated with FAM98A siRNAs were treated
with arsenite and immunostained for G3BP1 and FAM98A.
Formation of stress granules was observed in cells depleted
of FAM98A (Fig. 3b); however, the number of stress gran-
ules per cell appeared to be smaller than that of control
siRNA-transfected cells. As shown in Fig. 3c, the number of
stress granules in FAM98A-depleted cells was around 70%
of control siRNA-transfected cells. The similar results were
also observed when cells were treated at 44 °C (Fig. 3d).
These results indicate that FAM98A is partially required for
organization of stress granules.
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Fig.1 FAM98A is localized to
stress granules. a HeLa cells

A OmM

were treated with different
concentrations of arsenite (AS)
for 30 min and immunostained
for FAM98A and G3BP1 (scale
bar=10 pm). b HeLa cells
were treated with 0.5 mM of
arsenite (AS) for 30 min, 0.3 M
of sorbitol for 30 min, heat
shocked (44 °C) for 30 min, or
1 mM of hydrogen peroxide
(H,0,) for 1.5 h. The cells were
immunostained for G3BP1 and
FAMO98A (scale bar=10 pm). B
¢ Cells were treated with

0.5 mM of arsenite for 30 min
in the presence or absence of
cycloheximide (CHX) and then
immunostained for eIF4E and
FAMO98A (scale bar=10 pm). d
Cells treated with arsenite were
immunostained for DCP1A and
FAMO98A (scale bar=10 pm)
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FAM98A associates with multiple stress
granule-localized proteins

To gain more insight for the function of FAM98A, we
previously performed mass spectrometry analysis [22]. In
this analysis, we found that some stress granule-localized
proteins, such as DDX1, NUFIP2, ATXN2, and ATXNL2
[23-26], were in complex with FAM98A. To confirm the
association of these proteins with FAM98A, Flag-FAM98A,
Flag-FAM98A-N, or Flag-FAM98A-C was expressed in
293T cells and then Flag-FAM98A and associated pro-
teins were immunoprecipitated with anti-Flag antibody.
The immunoprecipitates were subjected to immunoblot
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analysis with anti-DDX1, anti-NUFIP2, anti-ATX2 or anti-
ATXNL2 antibody. As shown in Fig. 4a, NUFIP2, ATX2,
and ATXNL?2 were co-precipitated with Flag-FAM98A and
Flag-FAMO98A-N. Interestingly, DDX1 was co-precipitated
with both N and C-terminus of FAM98A. We tested if locali-
zation of these proteins to stress granules was regulated by
FAMO98A. HeLa cells transfected with FAM98A siRNA
were treated with arsenite and immunostained for G3BP1
and FAM98A-associating proteins. Although ATXNZ2,
ATXNL2, and NUFIP2 were localized to stress granules
in the absence FAM98A, localization of DDX1 was clearly
diminished (Fig. 4b). These results show that FAM98A is
essential for the localization of DDX1 to stress granules, but
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Fig.2 C-terminus of FAM98A AS Heat
is responsible for the localiza- A
tion to stress granules. a Cells

grant Flag G3BP1 Merge

that constitutively expressed

Flag tagged full length (FL),

N-terminus (N), or C-terminus

(C) FAM98A were treated FL
with 0.5 mM of arsenite for

30 min or heat shocked at

44 °C for 30 min. The cells

were immunostained Flag and

G3BP1 (scale bar=10 pm). b N
Full length FAM98A-express-
ing cells were cultured in the
presence or absence of Adox
for 24 h and then treated with
0.5 mM of arsenite for 30 min.
Cells were immunostained for
FAMO98A and G3BP1 (scale
bar=10 pm)

B FAM98A

Adox(-)

Adox
100uM

Discussion

In this report, we showed that FAM98A is a novel com-
ponent of stress granules. Immunofluorescence analysis
using specific antibody demonstrated accumulation of
endogenous FAMO8A to stress granules, but not P-bodies,
under various stress stimuli, including arsenite, hydrogen
peroxide, heat and osmotic shock. In addition, exogenously
expressed Flag tagged FAM98A showed clear localiza-
tion to the stress granule. FAM98A has LC regions that
are rich in glycine and arginine. Expression of Flag tagged
deletion mutants demonstrated that C-terminus with LC
regions, but not N-terminus, was essential for stress granule
localization. LC regions of FAM98A contained multiple

dispensable for the accumulation of ATXN2, ATXNL?2, and
NUPFIP2 to stress granules.

arginine-glycine-glycine (RGG) motifs whose arginines are
often methylated by PRMT1 [27]. Although previous study
showed that LC region of FAM98A was arginine methyl-
ated [19], our result showed that the arginine methylation
was dispensable for the FAM98A accumulation to stress
granules. Similarly previous study reported that localiza-
tion of ATXN2L to the stress granules was independent of
arginine methylation of the protein [24]. These results show
that FAMO98A localization to stress granules is mediated by
LC regions in the C-terminus but independent of arginine
methylation.

Mass spectrometry and immunoprecipitation analysis
for FAM98A-interacting proteins revealed that FAM98A
can form a protein complex with proteins, such as DDX1,
ATXN2, ATX2L, and NUFIP2. DDX1 is a RNA helicase
that regulates micro RNA maturation or virus replica-
tion [28, 29]. ATXN2 and ATXN2L are members of the
spinocerebellar ataxia family which are associated with
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Fig.3 Depletion of FAM9SA

reduces the number of stress A
granules per cell. a HeLa cells

were transfected with control

or FAM98A siRNAs and 72 h N

later, cells were lysed and ,\o\
expression of FAM98A was o(’\“'
examined by immunoblot. b ©

Cells transfected with siRNAs FAMO9SA

were treated with 0.5 mM of

arsenite for 30 min and immu-
nostained with anti-FAM98A

-
B-actin | s——

and anti-G3BP1 antibodies
(scale bar=10 pm). ¢, d The
number of stress granules per
cell under each condition is
presented in the graph. 50 cells
were evaluated for the number
of stress granules per cell
(*P<0.05). Image J soft-

ware was used to count stress
granules

No. of SGs per cell

neurodegenerative disorders [30]. NUFIP2 is a protein of
unknown function that interacts with FMR1 (fragile mental
retardation 1) [31]. All these proteins have been reported
to localize to the stress granules, but how these proteins
are recruited to stress granules are unknown. We tested if
FAMO98A was essential for these proteins to accumulate to
the stress granules. Interestingly, only DDX1 was no longer
accumulated to stress granules in the absence of FAM98A.
These results show that although FAM98A associates with
multiple proteins, FAM98A is essential for localization of
DDX1, but not of ATXN2, ATXNL2, and NUFIP, to stress
granules.

FAMO98A has a homolog called FAM98B, which has LC
regions in the C-terminus as well. Recent studies showed
that FAM98B is a member of large protein complex that
contain RNA ligase, RTCB (RNA 2',3'-cyclic phosphate
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and 5'-OH ligase) [32, 33]. The FAM98B-containing
complex was shown to be essential for RNA ligation dur-
ing the process of tRNA splicing [34]. In addition, the
complex promoted ligation of XBP1 (X-box binding pro-
tein 1) mRNA that is cleaved by IREI (inositol requiring
enzyme 1) activated by unfolded protein response [35-38].
These results have shown important functions of FAM98B
complex for the ligation of cleaved RNA for RNA pro-
cessing. Our previous mass spectrometry analysis [22]
demonstrated that FAM98A was in complex with RTCB
and other proteins that are involved in RNA ligation, such
as DDX1 and C140rf166, indicating that FAMO98A is
involved in ligation of RNAs. Although further detailed
analysis is needed, stress granule-localized FAM98A



Molecular and Cellular Biochemistry (2019) 451:107-115

13

Fig.4 FAMOS8A associ- A
ates stress granule-localized
proteins. (A) HeLa cells

that constitutively expressed
Flag tagged full length (FL),
N-terminus (N), or C-terminus
(C) FAM98A were lysed and
cell lysates were immunopre-
cipitated with anti-Flag anti-
body. The immunoprecipitates
were subjected to immunoblot
analysis with the indicated
antibodies. (B) Cells transfected
control or FAM98A siRNAs
were treated with 0.5 mM of
arsenite for 30 min and then
immunostained for the indicated
proteins (scale bar=10 pm)

B

si Control

si FAM98A-1

complex may promote processing of RNAs for the survival
of cells under stressed conditions.

In conclusion, we have shown that FAM98A is local-
ized to the stress granule after various stress stimuli. In
addition, FAM98A associated with multiple stress gran-
ule-localized proteins that are associated with neurode-
generative diseases. Our previous studies have shown that
FAMO98A was associated with progression of colon and
ovarian cancers [19, 22]. Further investigation will reveal
interesting feature of FAM98A for stress pathway, cancer
progression and neurodegenerative pathogenesis.
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