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Liquid- and solid-like RNA granules form through specific
scaffold proteins and combine into biphasic granules
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RNA granules consist of membrane-less RNA—protein assem-
blies and contain dynamic liquid-like shells and stable solid-like
cores, which are thought to function in numerous processes in
mRNA sorting and translational regulation. However, how these
distinct substructures are formed, whether they are assembled
by different scaffolds, and whether different RNA granule scaf-
folds induce these different substructures remains unknown.
Here, using fluorescence microscopy—based morphological and
molecular-dynamics analyses, we demonstrate that RNA gran-
ule scaffold proteins (scaffolds) can be largely classified into two
groups, liquid and solid types, which induce the formation of
liquid-like and solid-like granules, respectively, when expressed
separately in cultured cells. We found that when co-expressed,
the liquid-type and solid-type scaffolds combine and form liq-
uid- and solid-like substructures in the same granules, respec-
tively. The combination of the different types of scaffolds
reduced the immobile fractions of the solid-type scaffolds and
their dose-dependent ability to decrease nascent polypeptides
in granules, but had little effect on the dynamics of the liquid-
type scaffolds or their dose-dependent ability to increase nas-
cent polypeptides in granules. These results suggest that solid-
and liquid-type scaffolds form different substructures in RNA
granules and differentially affect each other. Our findings pro-
vide detailed insight into the assembly mechanism and distinct
dynamics and functions of core and shell substructures in RNA
granules.

RNA granules are membrane-less assemblies consisting of
mRNAs, ribosomes, and RNA-binding proteins (1-3). Several
kinds of RNA granules have been identified, e.g. stress granules,
which are transiently formed in response to cellular stress
and sequester untranslated mRNAs and signaling proteins,
and neuronal RNA granules, which are constantly formed to
sequester mRNAs and transport them from the soma to den-
drites for local translation (2, 4). In addition to the sequestra-
tion of untranslated mRNAs, RNA granules function in the
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selective translation of specific mRNAs and rapid translational
reactivation of mRNAs released from the granules. Thus, RNA
granules have both stable and dynamic characteristics (5-7).
Abnormalities in RNA granule dynamics are associated with
degenerative diseases, such as amyotrophic lateral sclerosis
and frontotemporal lobar degeneration, in which aggregates of
RNA granule components are formed in neurons (8, 9).

Many components of RNA granules possess intrinsically
disordered regions (IDRs),> which are involved in weak multi-
valent molecular interactions. These interactions promote
liquid-liquid phase separation (LLPS) to form dynamic RNA
granules (3, 10-13). Parker and co-workers (14) recently
reported that RNA granules are more than simply structures for
LLPS; they contain stable core substructures surrounded by
dynamic shells. The cores are densely concentrated structures,
and the shells are less concentrated liquid-like structures (14).
This uneven distribution of materials in RNA granules was also
observed by EM (15). As the core substructures are not disas-
sembled and are purified as small foci even after cell lysis, they
are thought to be solid-like structures rather than liquid drop-
lets. It has been demonstrated that the assembly of cores and
shells consists of distinct processes, i.e. core formation precedes
shell formation after the induction of stress granule formation
(16). However, the mechanism by which the distinct substruc-
tures are formed, e.g. whether the substructures simply differ in
concentration or are assembled by different scaffolds, remains
unknown. This question can be refined to a more specific ques-
tion of whether different RNA granule scaffolds induce differ-
ent types, i.e. core-type or shell-type, of granules in cells.

Here, we expressed RNA granule scaffolds in cultured cells
and analyzed the morphology of the granules formed and the
dynamics of the scaffolds in the granules. As a result, the scaf-
folds were largely classified into two types: scaffolds that assem-
bled liquid-like smooth (S) granules and those that assembled
solid-like rough (R) granules. Furthermore, co-expression of
sets of S- and R-granule scaffolds in cells promoted the forma-
tion of RNA granules with S- and R-substructures. The two
types of substructures had different influences on each other
such that S-substructures increased the mobility of R-substruc-

2 The abbreviations used are: IDR, intrinsically disordered region; LLPS, liquid—
liquid phase separation; S, smooth; R, rough; TIAR, TIA-1-related protein;
FUS, fused in sarcoma; FMR1, fragile X mental retardation 1; FRAP, fluores-
cence recovery after photobleaching; ANOVA, analysis of variance; ROI,
region of interest; DRiP, defective ribosomal product; FBS, fetal bovine
serum.
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tures, although R-substructures had little effect on the dynam-
ics of S-substructures. These results suggest that combinations
of RNA granule scaffolds have the ability to form substructures
in granules, providing insight into the formation and interac-
tion of dynamic shell-like and stable core-like substructures in
RNA granules.

Results
S-and R-granules assembled with distinct scaffolds

Many RNA granule-associated proteins have been identified,
among which several proteins are known to induce RNA gran-
ule assembly when expressed in cells and are designated as scaf-
folds (2, 17). We expressed the following scaffolds as GFP-
tagged proteins in cultured A6 cells: T-cell intracellular antigen
1 (TIA-1); TIA-1-related protein (TIAR); RNA granule protein
105 (RNG105)/caprinl; Ras-GTPase—activating protein SH3
domain-binding protein 1 (G3BP1); TAR DNA-binding pro-
tein 43 (TDP-43); fused in sarcoma (FUS); fragile X mental
retardation 1 (FMR1); and Pumiliol (18 —24). When expressed
separately, each scaffold formed cytoplasmic granules (Fig. 14).
These granules contained a higher concentration of mRNA
than the cytoplasm (Fig. S1), which was consistent with the
previous reports that these scaffolds induce the formation of
RNA granules containing mRNA.

The granules formed with the scaffolds were morphologi-
cally classified into two types: granules with smooth surfaces
and those with rough surfaces. G3BP1, RNG105, and TDP-43
induced the formation of granules with smooth surfaces, in
which the scaffolds were evenly distributed (Fig. 14). We des-
ignated these granules as S-granules. In contrast, TIA-1, TIAR,
FUS, Pumiliol, and FMR1 induced the formation of granules
consisting of numerous small foci (Fig. 1A). The size of the foci
in the granules was 252 *= 55 nm (FUS), 340 = 104 nm
(Pumiliol), 281 * 54 nm (FMR1), 227 *= 52 nm (TIAR), and
235 + 53 nm (TIA-1) in diameter (mean = S.D., n = 20 each),
which was similar to stress granule cores whose sizes are 200 —
300 nm in diameter (14, 16). As the small foci gathered, the
overall images of the granules had a rugged texture and rough
surfaces. Thus, we designated these granules as R-granules.

To more objectively distinguish the two types of granules, the
texture of the granules was analyzed quantitatively. It is known
that the skewness of a profile can be used to evaluate surface
roughness (25). We applied this method to RNA granules
because if granules have a rough texture, they have many “fluo-
rescence valleys,” and their fluorescence histogram will have a
higher frequency of small values than the histogram of smooth
granules. As a result, the histograms of rough and smooth gran-
ules exhibit different skew patterns. We measured the pixel
intensity of GFP fluorescence in the granules and generated
histograms (Fig. 1B). The histograms demonstrated asymmet-
rical shapes that were different between S- and R-granules:
S-granules had a left-skewed distribution, and R-granules had a
right-skewed distribution. As a result, the skewness of S-gran-
ules was negative, but that of R-granules was positive (Fig. 1C).
These results quantitatively indicated that S- and R-granule
scaffolds induced the formation of different types of RNA
granules.
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S- and R-granules exhibit different shape-change behavior
after cell permeabilization

One different property between the core and the shell of
RNA granules is that the cores can be purified as foci, but the
shells cannot, after cell lysis (14). We permeabilized the cells
expressing the GFP-tagged scaffolds with digitonin and ana-
lyzed the changes in the shape and fluorescence intensity of the
granules by time-lapse imaging (Fig. 2, A—D). A series of time-
lapse images was binarized and measured for the area of the
binarized granules (Fig. 2B). FMR1- and Pumiliol-induced
R-granules were the most stable, and their overall shapes and
fluorescence intensity changed less than those of the other scaf-
fold-induced granules (Fig. 2, A and B, and Movie S1). In some
cells, FMR1 and Pumiliol foci blew out of the permeabilized
cells and were deposited on the dish (Fig. 2D, Movie S2). These
results suggested that FMR1- and Pumiliol-induced R-gran-
ules were resistant to cell lysis and were purifiable, like cores.
The fluorescence intensity of FUS-induced granules also did
not decrease much after cell permeabilization, but the shape
changed significantly. They were converted from R-type to
S-type after cell permeabilization (Fig. 24 and Movie S3).

In contrast to the R-granules, RNG105-, G3BP1-, and TDP-
43-induced S-granules underwent rapid decreases in the
binarized granule areas (Fig. 2B). These decreases were due
to shrinkage and dissolution of the granules. For example,
RNG105-induced granules rapidly shrank (Fig. 24 and Movie S4)
or dissolved (Fig. 2C and Movie S5) after cell permeabilization.
Shrinkage and dissolution were also observed in G3BP1-induced
granules and TDP-43-induced granules, respectively (Fig. 2A4).
These types of granule deformation were reminiscent of the
shrinkage and dissolution of liquid—liquid phase-separated drop-
lets triggered by perturbing the equilibrium conditions in vitro
(26). In some cells, RNG105, G3BP1, and TDP-43 blew out of the
permeabilized cells, but they were not observed as foci (Fig. 2D and
Movie S6), suggesting that the granules formed by the S-scaffolds
were not purifiable, which contrasted with the R-granules.

TIAR- and TIA-1-induced R-granules also underwent rapid
decreases in the binarized granule areas (Fig. 2, A and B). How-
ever, these R-granules were different from the S-granules in
that they appeared to not shrink or dissolve after cell permea-
bilization. Instead, the fluorescence intensity of foci in the gran-
ules was rapidly decreased without greatly changing the overall
shape of the granules (Fig. 2A and Movie S7), suggesting that
the fluorescence decrease was due to the rapid dissociation of
the scaffolds from the foci embedded in the granules.

Taken together, R-granules induced by FMR1 and Pumiliol
were stable in shape, resistant to cell permeabilization, and
purifiable, similar to the properties of solid-like cores. In contrast,
S-granules were similar to liquid-like droplets in that they were not
purifiable and underwent shrinkage and dissolution after cell per-
meabilization. Although R-granules induced by TIAR and TIA-1
were not resistant to cell permeabilization, they were not similar to
liquid-like droplets because TIAR and TIA-1 were localized to foci
in granules that did not shrink or dissolve after cell permeabiliza-
tion. An exception was FUS-induced granules, which converted
from R-type to S-type granules after cell permeabilization.
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Figure 1. Each RNA granule scaffold preferentially assembles into S- or R-granules. A, granules formed by GFP-tagged RNA granule scaffolds in A6 cells.
Insets show magnified images of the boxed areas. N, nucleus. The outlines of the cell and the nucleus are indicated by dotted lines. Scale bar, 10 um. B,
histograms of the pixel intensity of GFP-tagged scaffolds in granules and control GFP in the cytoplasm. C, skewness of the histograms in B. Data are
represented by scatter plots of the individual data with the mean = S.D.n = 12 (G3BP1), 17 (RNG105), 16 (TDP-43), 29 (FUS), 30 (Pumilio1), 23 (FMR1),
13 (TIAR), 16 (TIA-1), and 18 (GFP) cells. *, p < 0.05; **, p < 0.01; ***, p < 0.005; **** p < 0.001, one-way ANOVA (F(8,165) = 25.6, p < 2.2e-16) followed
by the Tukey-Kramer test.
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Figure 2.S- and R-granules exhibit different shape-change behavior after cell permeabilization. A, time-lapse images of scaffold-induced granulesin the
cell permeabilization analysis. Digitonin was added to the cells at time 0. Fluorescence levels in the boxed areas were adjusted using the automatic window/
level tool of ImageJ to visualize the shapes of the granules regardless of the decrease in fluorescence in the granules after permeabilization, and the adjusted
images are shown in the insets. The outlines of the nuclei are indicated by dotted lines in the left panels. Scale bars, 10 wm. B, area of binarized granules in the cell
permeabilization analysis. Note that the time just before the cells became permeable was set to time 0, and the area of the binarized granules at time 0 was
adjusted to 100%. n = 7 (G3BP1), 9 (RNG105), 8 (TDP-43), 7 (FUS), 8 (Pumilio1), 8 (FMR1), 8 (TIAR), and 8 (TIA-1) cells. C, representative image series of
RNG105-induced granules to dissolve rapidly after cell permeabilization. Arrows indicate dissolution of a granule. D, representative image series of RNG105 and
FMR1 blowing out from permeabilized cells. Asterisks indicate the positions of the blowout. RNG105-induced granules were dissolved in the medium, but
FMR1-induced granules blew out from the cells as foci (arrowheads). Scale bars, 10 wm. See also Movies S1-S7.

SASBMB J Biol, Chem. (2019) 294(10) 3532-3548 3535


http://www.jbc.org/cgi/content/full/RA118.005423/DC1

Liquid- and solid-like RNA granule formation and combination

-20 0 (bleached) 50 100

RNG105 G3BP1

Pumilio1

RNG105

150 200

300 sec

C 120

100‘\1

RNG105 TDP-43
80 m
60
40
20
0

— Measured value
— Fitted curve

FUS

0 60 120 180 240 300

120 Pumilio1
100

Fluorescence intensity (%)

0 60 120 180 240 300
FMR1

80
60
40
20

0

"0 60 120 180 240 300 0 60 120 180 240 300

TIAR
L T

TIA-1

0 60 120 180 240 300

0 60 120 180 240 300

"0 60 120 180 240 300 0 60 120 180 240 300

Time (sec)
D s S-granules . E ® S-granules
¢ R-granules ® R-granules
3007 - 1.0 0.8
[ . c . £ TIAH
8 250 . Eosl : g Lo /40 RNG105
o z 5 c g : L S T[ RIL FUS | G3BP1
= 200 £} o ' . =
{ c061 ! & | B B 3} TDP-43
S1s0] t A : £ L ! E So
z : H 0418 B B H . © T L Pumilio
© 100 - N = Ko N B & = @ i
o i - ¢] ¢ = & | 202 * i
sl BN > . =02 DAl < FMR1] |
© 7 »& & E N . B . o E B =
u o 0 ~ue . 0 0
N O O \ N QN * N 0 50 100 150 200 250
& oQQuQ‘) T Qg \Q PSS @ PN
FESE S % Q\\,@ Half-recovery 12 (sec)

Figure 3. R-scaffolds, but not S-scaffolds, with slower exchange rates have less mobile fractions in RNA granules. A, representative time-lapse images
of RNA granules in FRAP analysis. Orange circles, regions bleached just before 0 s. Dotted lines in the left panels, nuclei. Scale bar, 10 um. B, surface plots of the
fluorescence intensity of the scaffolds in the bleached RNA granules 300 s after photobleaching. The left panel of each scaffold shows a magnified image of the
granule in the ROl at 300 s in A; right panel of each scaffold, surface plot. C, representative FRAP curves and fitted curves with exponential equations. D, halftime
of recovery (71,,) and mobile fraction (F,,,) extracted from the fitted equations. n = 26 (G3BP1), 35 (RNG105), 9 (TDP-43), 15 (FUS), 10 (Pumilio1), 10 (FMR1), 16
(TIAR), and 10 (TIA-1). p = 3.49e-12 (F(7,123) = 12.7) for 71 ,,and p = 5.01e-12 (F(7,123) = 12.5) for F,,,, one-way ANOVA. *, p < 0.05; **, p < 0.01; ***, p < 0.005;
***¥ p < 0.001, Tukey-Kramer test. E, relationship between the 71, and F,, of the scaffolds. See also Movies S8-S10.

R-granules with slow 7, have large immobile fractions,
whereas S-granules with fast 7, have high deformability

To examine the dynamics of the scaffolds in granules in living
cells, we conducted fluorescence recovery after photobleaching
(FRAP) analysis (Fig. 3 and Movies S8 —=S10). Each FRAP curve
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was fitted with an exponential equation, and the halftime of
recovery (7,) and the mobile fraction (F,,) were extracted (Fig.
3, C and D). Comparison of 7, among the scaffolds revealed
that they had distinct 7, values, and the 7, was not dependent
on which type of granule the scaffold formed (Fig. 3D, left).
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Figure 4. RNA granules formed by S-scaffolds, but not R-scaffolds, with faster exchange rates dynamically change their shapes. A, methods for the
quantification of granule shape change. Granules of interest (orange squares) were converted into binary images. Twenty one images (n = 0-20) taken over
100 s were merged, and the area of the merged granule was compared with the average area of the granule. Dotted lines, nuclei. Scale bar, 10 um. B, granule
shape change rates over 100 s.n = 7 cells. *, p < 0.05; **, p < 0.01; ***, p < 0.005, one-way ANOVA (F(7,48) = 5.99, p = 4.82e-5) followed by the Tukey-Kramer
test. G, relationship between 71/, in the FRAP analysis and the granule shape change rates of the scaffolds. See also Movies S11 and S12.

In contrast, comparison of the F,, among the scaffolds
revealed that only R-granule scaffolds, FMR1 and Pumiliol, had
low F,,, values (Fig. 3D, right). Plotting the relationship between
7y, and the F,, of the scaffolds demonstrated that the F,, of
R-granule scaffolds was smaller when the scaffolds had a slower
Ty, e.¢ FMRI1 and Pumiliol (Fig. 3E). In contrast, the F,, of
S-granule scaffolds was not small even when the scaffold had a
slow 1y, eg G3BP1 (Fig. 3E). Thus, the m,—F,, relationship
differed between R- and S-granules, which may be related to the
different fluorescence recovery of R- and S-granule scaffolds
with a slow 7y (Pumiliol and G3BP1) at the center of the
bleached granules: fluorescence recovery of Pumiliol at the
center was low, whereas that of G3BP1 was high (Fig. 3B). This
low and high mobility of the R- and S-scaffolds may be due to
low and high miscibility of the R- and S-scaffolds in granules,
respectively, as discussed under the “Discussion.”

Next, the time-dependent shape change of granules was ana-
lyzed. The deformation rate over a set period of time (100 s) was
measured, and it was significantly larger for RNG105- and
TDP-43—induced S-granules than the other granules (Fig. 4, A
and B, and Movies S11 and S12). Plotting the relationship
between the 1, and the shape change rate demonstrated that
the shape change rate was almost the same among the R-gran-
ule scaffolds regardless of the 7, (Fig. 4C). In contrast, among

SASBMB

the S-granule scaffolds, the shape change rate was significantly
higher for RNG105 and TDP-43, which had a fast 7, (Fig. 4C).
Thus, the 7,-shape change rate relationship differed between
R- and S-granules, which may be due to different abilities to
resist deformation forces between solid and liquid structures.
In addition, the 7,-dependent shape change rate of S-granules
may be related to the property of liquid droplets to become
spherical by surface tension, as discussed under the
“Discussion.”

Taken together, these results suggested that R-granules are
solid-like structures that contain larger immobile fractions
when the R-granule scaffolds have a slower 7. In contrast,
S-granules had higher fluidity in terms of miscibility and
deformability, and this property was clearer when the S-granule
scaffolds had a faster 7.

S- and R-substructure formation with S- and R-scaffolds

The formation of different types of RNA granules by distinct
scaffolds raised the question of whether the scaffolds constitute
the same granules. Therefore, we next co-transfected A6 cells
with sets of two scaffolds as GFP- and mRFP1-tagged proteins.
RNG105, G3BP1, and TIAR were tagged with mRFP1 and co-
expressed with the other scaffolds tagged with GFP (Fig. 5,
A-C). Any combination of the two scaffolds was combined into

J. Biol. Chem. (2019) 294(10) 3532-3548 3537
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Figure 5. S- and R-subgranular structures are formed by co-expressing sets of S- and R-scaffolds. A-C, granules formed by GFP- and mRFP1-tagged
scaffolds co-expressed in A6 cells. Cells co-expressing two S-granule scaffolds (A), two R-granule scaffolds (B), or S- and R-granule scaffolds (C). Attached images
on the right are magnified GFP, mRFP1, and merged images of the boxed areas. Dotted lines, nuclei. Scale bars, 1 um. D, Pearson’s r values for the localization
correlation of the two scaffolds in the granules. The mean, S.D.,and n are indicated. G3BP versus the other scaffolds, p < 2.2e-16 (F(6,141) = 25.6); RNG105 versus
the other scaffolds, p = 3.78e-10 (F(6, 122) = 11.5); TIAR versus the other scaffolds, p = 4.30e-8 (F(6,111) = 9.10), one-way ANOVA.

the same granules, indicating that the scaffolds constituted
the same granules. Sets of S-granule scaffolds were highly
co-localized in S-granules with smooth surfaces (Fig. 5A).
Sets of R-granule scaffolds were also well co-localized in the
small foci embedded in the R-granules (Fig. 5B). Thus,
although the turnover of the scaffolds varied from each other
(Figs. 2, A and B, and 3, C-E), the S-scaffolds and R-scaffolds
were co-localized to the same S-granules and to the same
foci in the R-granules, respectively. When scaffolds of differ-
ent types were co-expressed, they were combined into the same
granules but formed different subgranular structures, except for
well co-localized combinations FMR1-RNG105 and TIAR-
TDP-43 (Fig. 5, C and D). In general, S-scaffolds formed smooth
granules, whereas R-scaffolds formed punctate substructures
therein.

By calculating Pearson’s correlation coefficient, co-localiza-
tion of the two scaffolds in the granules was quantified (Fig. 5D).
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Pearson’s correlation coefficient between S-granule scaffolds
was significantly high (>0.9) for any combination. The corre-
lation coefficient between R-granule scaffolds was also signifi-
cantly high (>0.9), except between TIAR and FMRI1. These
results indicated that scaffolds of the same type were concentrated
in the same subgranular structures. However, the correlation coef-
ficient between scaffolds of different types was relatively low.
Among the combinations, the correlation coefficients between
G3BP1 and FMRI1, G3BP1 and FUS, and G3BP1 and Pumiliol
were particularly low. In contrast, the correlation coefficients
between RNG105 and FMR1 and TIAR and TDP-43 were signif-
icantly high, although they are different scaffold types (Fig. 5D).
One of the reasons for this may be direct binding of the scaffolds
(27). Taken together, these results supported the observation
that S- and R-scaffolds formed distinct substructures in gran-
ules and suggested that the scaffolds were not randomly mixed
but localized in a moderate order in the granules.
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Figure 6. Differences in resistance to cell permeabilization between S- and R-granules are retained after convergence into the same granules. A,
time-lapse images of R- and S-substructures in the same cells. The cells were treated with digitonin at time 0. The fluorescence levels of the boxed areas were
adjusted asin Fig. 2A, and the adjusted images are shown in the insets. Dotted lines in the left GFP panels, nuclei. Scale bars, 10 wm. B, representative image series
in which Pumiliol and RNG105 co-expressed in the same cell blew out from the cell after permeabilization. Asterisks indicate the position of the blowout.
Pumilio1-induced substructures blew out from the cell as foci (arrowheads), whereas RNG105-induced substructures were dissolved in the medium. Scale bar,
10 um. G, area of binarized granules was measured as in Fig. 2B. The numbers of cells analyzed are indicated in the graphs. *, p < 0.05; ***, p < 0.005; ****, p <
0.001, main effect; ###, p < 0.005; ####, p < 0.001, interaction effect in two-way repeated measures ANOVA. * and # are colored corresponding to the

co-expressed scaffolds. See also Movies S13 and S14.

Next, we examined whether S- and R-substructures that
combined into the same granules retained the respective prop-
erties of S- and R-granules. Cells were co-transfected with sets
of R- and S-scaffolds and subjected to the cell permeabiliza-
tion experiment with digitonin (Fig. 6A). R-scaffolds re-
tained the properties observed when expressed alone, even
in the presence of S-scaffolds as follows: FMRI- and
Pumiliol-induced R-substructures were resistant to cell per-

SASBMB

meabilization and retained their R-texture (Fig. 6A and Movie
$13). In some cells, the R-scaffolds blew out of the permeabi-
lized cells as foci, whereas S-scaffolds blew out of the same cells
without forming any granular structures (Fig. 6B and Movie
S14). TIA-1 rapidly dissociated from the granules, but foci of
the substructures remained after cell permeabilization (Fig.
6A). FUS-induced R-substructures were converted from
R-type to S-type after cell permeabilization, although the
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conversion was partially inhibited by the co-expression of
G3BP1 (Fig. 6A).

S-scaffolds also retained their properties even in the presence
of R-scaffolds: RNG105 and G3BP1 rapidly disappeared from
the granules, whereas co-expressed R-scaffolds remained in the
granules after cell permeabilization (Fig. 6, A and B, and Movies
S13 and S14). One exception was that the S-substructures did
not exhibit clear spherical shapes during shrinking, which may
have been because a fraction of S-scaffolds was associated with
R-substructures formed by R-scaffolds (Fig. 64, insets). Thus,
the properties of R- and S-granules were retained in R- and
S-substructures, respectively, even when they were combined
with the other granule types.

However, the dynamics of the scaffolds were not unaffected
by the co-expression of the other types of scaffolds (Fig. 6C). In
particular, the reduction in the binarized granule area of R-scaf-
folds was significantly accelerated by RNG105, suggesting that
R-granules were converted to more dynamic structures via
association with RNG105. To further investigate the effects of
the co-expression on the scaffold dynamics in living cells, we
next conducted FRAP analysis.

Immobility of R-granules is reduced by combination with
S-granules

We examined the effects of co-expression of S- and R-scaf-
folds on their dynamics in granules in living cells using FRAP.
For example, when RNG105 and FMR1 were co-expressed, nei-
ther the 7, nor F,, of RNG105 was affected by FMR1 (Fig. 7,
A-C). In contrast, although the 7, of FMR1 was not affected,
the F,, of FMR1 was significantly increased by RNG105 co-ex-
pression (Fig. 7C). Likewise, when other combinations were
co-expressed (Fig. 7, D and E), neither the 7, nor F,, of the
S-scaffolds, i.e. RNG105 or G3BP1, was affected by R-scaffolds
(Fig. 7E). In contrast, although the 7, of R-scaffolds was not
significantly changed, the F,, of the R-scaffolds was signifi-
cantly increased by the co-expression of S-scaffolds in most of
the combinations (Fig. 7D). RNG105 more effectively increased
the F,, of R-scaffolds than G3BP1, which was consistent
with the results of the cell permeabilization experiments (Fig.
6C). These results suggested that the dynamics of S-scaffolds
were minimally influenced by R-scaffolds; however, the F,, val-
ues of R-scaffolds were significantly increased by S-scaffolds,
suggesting that the immobile fraction of R-substructures was
reduced by the association with S-substructures (Fig. 7F).

Conversion of R-scaffold dose-dependent decrease in the
amount of nascent polypeptides in RNA granules to a
dose-dependent increase by S-scaffolds

As changes in the dynamics of RNA granules may influence
physiological roles of RNA granules, we next conducted ribo-
puromycilation analysis to examine the effects of the presence
of S-scaffolds on protein synthesis, i.e. the amount of nascent
polypeptides, in R-scaffold—expressing cells. Labeling of nas-
cent polypeptides with puromycin is largely used for two pur-
poses: one is to label translating polysomes in which nascent
polypeptides maintain their association with ribosomes (28,
29), and the other is to produce and label defective ribosomal
products (DRiPs) that are truncated and released from ribo-
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somes (30, 31). The difference in the protocol between them is
the existence of cycloheximide during the labeling only for the
former purpose, which we applied to our experiments.

Before analyzing the effects of co-expression of the scaffolds,
we first measured the amount of nascent polypeptides (puro
intensity) in cells expressing Pumiliol, FUS, RNG105, or
G3BP1 alone using the ribopuromycilation analysis (Fig. 8, A
and B). Puro intensity was higher in and/or near the granules
than in the cytoplasm in all cells expressing the scaffolds (Fig.
8B), as reported previously for G3BP1 (29), which may be due to
the accumulation of mRNA in/near RNA granules. The puro
intensity was not dependent on which type of scaffold, S or R,
was expressed. For example, although both Pumiliol and FUS
formed R-granules, Pumiliol-expressing cells had higher puro
intensity than control cells in/near the granules, whereas FUS-
expressing cells had lower puro intensity than control cells in
both the granules and cytoplasm, suggesting their intrinsically
opposite effects on translation.

However, the dose-dependent effects of Pumiliol and FUS
on puro intensity were similar; both Pumiliol and FUS caused
dose-dependent decreases in puro intensity, particularly in the
granules (Fig. 8, C and D). In contrast to the R-scaffolds, S-scaf-
folds, i.e. RNG105 and G3BP1, dose-dependently increased
puro intensity in the granules, whereas the cytoplasmic puro
intensity remained lower than that in control cells (Fig. 8, Cand
D). These results suggested that increasing concentrations of
R-scaffolds in granules gradually decrease nascent polypep-
tides in the granules, but in contrast, increasing concentra-
tions of S-scaffolds in granules gradually increase nascent
polypeptides in the granules, regardless of their intrinsic
activity on translation.

Large G3BP1-induced granules, but not small granules, were
reported to induce phosphorylation of eIF2a and decrease puro
intensity (29), which is inconsistent with our result that G3BP1
increased puro intensity in granules in a dose-dependent man-
ner (Fig. 8C). Thus, we examined the eIlF2« phosphorylation
level in G3BP1-expressing cells. elF2a phosphorylation was not
significantly increased in the granules or in the cytoplasm of
G3BP1-expressing cells (Fig. S2, A and B), and elF2« phosphor-
ylation was not increased in a G3BP1 dose-dependent manner
(Fig. S2C). These results did not contradict our ribopuromy-
cilation results but were different from the previous report (29).
This difference may be explained by the puro intensity in
G3BP1-expressing cells being biphasic, ending with a decrease
if G3BP1 expression increases more than in our experiments.
However, cells with very high expression of G3BP1 underwent
cell death until the 3rd day of transfection of the cells with
G3BP1, at which time the cells were subjected to the experi-
ments in our study.

elF2a phosphorylation levels in cells expressing the other
scaffolds were also evaluated. elF2a phosphorylation levels
were higher in and/or near the granules than in the cytoplasm
in all cells expressing the scaffolds (Fig. S2B), but they were not
likely to be sufficient to shut off all translation, as the phosphor-
ylation levels were significantly less than in arsenite-stressed
cells (Fig. S2B). In stress granules induced transiently by stress,
such as arsenite, eIF2«a is phosphorylated, and translation pre-
initiation complexes are stalled. However, granules in this study
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were not induced by stress but by expression of scaffolds, which
may be the reason for the low phosphorylation levels of elF2c.
Furthermore, eIF2a phosphorylation levels did not depend on
scaffold dose, except for Pumiliol (Fig. S2C), suggesting that
elF2a phosphorylation is not a major cause of the scaffold dose-
dependent decrease or increase in the puro intensity in granules

(Fig. 8C).

Next, we analyzed the effects of the presence of S-scaffolds
on the puro intensity in R-scaffold— expressing cells (Fig. 8E).
Puro intensity in Pumiliol-expressing cells were increased by
RNG105, but not by G3BP1, in the cytoplasm (Fig. 8E), which
coincided with the increase in the F,, values of Pumiliol by
RNG105 but not by G3BP1 (Fig. 7D). In contrast, puro intensity
in FUS-expressing cells was increased by both RNG105 and
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G3BP1 in both the granules and the cytoplasm (Fig. 8E), which
coincided with the significant increase in the F,, value of FUS by
both RNG105 and G3BP1 (Fig. 7D).

We further analyzed the influence of the S-scaffolds on the
R-scaffold dose-dependent effects on puro intensity. In con-
trast to the Pumiliol and FUS dose-dependent decreases in
puro intensity in cells expressing them alone (Fig. 8C), co-ex-
pression of RNG105and G3BP1in cellsreversed the dose depen-
dence for Pumiliol and FUS (Fig. 8F). As the expression levels
of the R-scaffolds and the S-scaffolds in the co-expressed cells
were slightly positively correlated, the R-scaffold dose-depen-
dent increases in puro intensity may reflect the S-scaffold
dose-dependent increases in puro intensity. However, partial
correlation coefficients between the R-scaffolds and the puro
intensity were positive, indicating R-scaffold dose-dependent
increases in puro intensity in the S-scaffold co-expressing cells
(Fig. 8F). This change in the R-scaffold dose dependence by
S-scaffolds may underlie the increase in the puro intensity in
R-scaffold—expressing cells by co-expression of S-scaffolds.
Although G3BP1 co-expression resulted in a Pumiliol dose-de-
pendent increase in puro intensity, the overall puro intensity
was not altered (Fig. 8E), which may have been because the
degree of reversal was not as large as with RNG105 co-expres-
sion (Fig. 8F). In contrast to the change in the R-scaffold dose
dependence, the dose-dependent increase in puro intensity in
granules by S-scaffolds was not reversed by the co-expression of
R-scaffolds (Fig. 8F). These results were reminiscent of the lim-
ited effects of R-scaffold co-expression on the dynamics of
S-scaffolds (Fig. 7E). Taken together, the effects of R-scaffolds
on puro intensity were altered by S-scaffolds, suggesting that
the effects of R-scaffolds on translation were altered by being
combined with S-scaffolds in RNA granules, which may not
exclude other possibilities such as alteration in the effects of
R-scaffolds on the accumulation of DRiPs by combination with
S-scaffolds (30, 31). Thus, these results suggested that the com-
bination with S-granules influenced the physiological proper-
ties as well as dynamics of R-granules.

Discussion

RNA granules were recently revealed not to be simply uni-
form structures but instead to consist of stable solid-like cores
and less concentrated liquid-like shells (14, 16). However, it was
unknown whether these two substructures differed solely in
concentration or whether they had different constituents and
properties. In this study, by expressing RNA granule scaffolds
in cells, we demonstrated that solid core-like R-structures
and liquid shell-like S-structures were formed by distinct scaf-

folds, as judged by morphological analysis and dynamics anal-
ysis. R-granules were induced by TIA-1, TIAR, FMRI1, FUS,
and Pumiliol, whereas S-granules were induced by G3BP1,
RNG105, and TDP-43. The R- and S-scaffolds were combined
into the same granules and formed distinct subgranular struc-
tures therein. The R- and S-substructures retained their solid-
like and liquid-like properties, respectively, after the conver-
gence but were also influenced by the other substructure. In
particular, large immobile fractions of R-scaffolds were reduced
by combination with S-scaffolds. The decrease in the immobile
fractions coincided with changes in physiological properties of
the scaffolds, e.g. the R-scaffold dose-dependent decrease in the
amount of nascent polypeptides was reversed by the combina-
tion with S-scaffolds. These results suggested that R- and
S-substructures are formed by distinct scaffolds and have dif-
ferent dynamics, different influences on each other, and differ-
ent effects on translation, thereby providing novel insight into
the assembly, dynamics, and physiological roles of core-shell
substructures in RNA granules.

In this study, four experiments were conducted to evaluate
the liquid-like and solid-like properties of granules. First, the
surface texture of granules was analyzed. S-granules had
smooth surfaces, whereas R-granules had rough surfaces. If
granules are liquid droplets and have surface tension, their sur-
faces should be smooth due to surface area minimization. In
contrast, solid granules do not need to be smooth to maintain
their assembled state. Therefore, the surface textures of S- and
R-granules supported them being liquid-like and solid-like
granules, respectively.

Second, the cell permeabilization experiment was con-
ducted. This experiment evaluated the characteristic behavior
of liquid droplets and the purifiability of solid structures.
S-granules underwent shrinkage and/or dissolution after cell
permeabilization, which may have been triggered by the
decrease in the scaffold concentration in the cytoplasm, i.e. per-
turbed equilibrium between the granules and the cytoplasm.
These changes in the granule shape were similar to those
observed for liquid-liquid phase-separated droplets in vitro
(26). In contrast, R-granules exhibited little shape change after
cell permeabilization. In addition, they were purifiable as foci
outside the permeabilized cells when they had slow exchange
rates (71,). Although TIAR and TIA-1 foci were not purifiable,
this was not due to the shrinkage or dissolution of the R-gran-
ules that they formed. As TIAR was localized to the same foci
with the other R-scaffolds that formed solid-like structures, the
rapid disappearance of TIAR and TIA-1 from the foci was likely

Figure 8. Effects of R-scaffolds on nascent polypeptide levels are converted from a dose-dependent decrease to an increase following convergence
with S-scaffolds. A, nascent polypeptides in cells were stained using the ribopuromycilation method. Arrowheads indicate cells expressing GFP-tagged
scaffolds. The outlines of the cells and the nuclei are indicated by dotted lines. Scale bar, 10 um. B, Puro intensity in the granules (Gr) and cytoplasm (Cyt) of cells
expressing the scaffolds or control fluorescent proteins was measured and then normalized by that in the cytoplasm of neighboring untransfected cells. n =
34 (Pumilio1), 28 (FUS), 36 (RNG105), 32 (G3BP), 32 (GFP), and 33 (mRFP1). **** p < 0.001, one-way ANOVA (F(9,315) = 44.7, p < 2.2e-16) followed by the
Tukey-Kramer test between scaffold-expressing cells and control GFP- or mRFP1-expressing cells. G, relationship between the scaffold concentration in the
granules and puro intensity in the granules or cytoplasm. Regression lines and Pearson’s correlation coefficients are indicated. D, Pearson’s correlation
coefficientsin Carerepresented as a bar graph. E, Puro intensity in cells expressing GFP-tagged Pumilio1 or FUS with or without co-expression of mRFP1-tagged
RNG105, G3BP1, or mRFP1. n = 34 (Pumilio1), 26 (Pumiliol + RNG105), 30 (Pumilio1 + G3BP1), 26 (Pumilio1 + mRFP1), 28 (FUS), 26 (FUS + RNG105), 35
(FUS + G3BP1), and 28 (FUS + mRFP1). p = 0.879 (F(3,112) = 0.225) for Pumilio1 (Gr), p = 6.21e-7 (F(3,112) = 13.7) for Pumilio1 (Cyt), p = 6.52e-9 (F(3,113) =
16.4) for FUS (Gr), and p = 0.000122 (F(3,113) = 7.54) for FUS (Cyt), one-way ANOVA. *, p < 0.05; ***, p < 0.005; ****, p < 0.001, Tukey-Kramer test. F, effects of
the co-expression of the scaffolds on the relationship between the scaffold concentration and puro intensity. Regression lines and Pearson’s correlation
coefficients are indicated. Numbers in parentheses indicate partial correlation coefficients.
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due to their rapid dissociation from the foci embedded in
the solid-like R-granules. These results indicated that S- and
R-granules have properties of liquid droplets and solid-like
cores, respectively. As for FUS, the granules were converted
from R-type to S-type in this experiment. FUS was able to
undergo LLPS in the equilibrium where the FUS concentration
was high in granules and very low outside the granules,
although it is not known whether such conditions can be estab-
lished in living cells where abrupt concentration changes do not
occur.

Third, granule dynamics were measured by FRAP. The most
notable difference between S- and R-granules was the mobile
fraction of scaffolds that had a slow 7. If solid-type scaffolds
have a slow Ty, they will not change position in the granules
over time, thereby increasing the probability that the scaffolds
at the center of the granules are not exchanged with the cyto-
plasmic pool. However, 7, may have little influence on liquid-
type scaffolds because they can be mixed within the granules
and come to the surface of the granules to be exchanged with
the cytoplasmic pool even if their 7, is slow. Thus, the dif-
ference in the mobile fractions supported the notion that S-
and R-granules had properties of liquid and solid phases,
respectively.

Fourth, granule shape change was measured. The deforma-
tion rate was different between S- and R-scaffolds with a fast 7.
Inliquid droplets, if scaffolds have a fast 74, the attraction of the
scaffolds to each other within the droplets will be weak, result-
ing in a low surface tension in the droplets. The lower surface
tension will make the shape of the droplets easier to deform
because spheronization of droplets is driven by higher surface
tension. In contrast to liquid droplets, the shape of solid gran-
ules is considered to be stable regardless of the 7, of the scaf-
folds because of the high resistance of solids to deformation
forces. Taken together, the four experiments demonstrated
that the S- and R-granules have properties of liquid-like shells
and solid-like cores, respectively.

The components in the shell were hypothesized to exchange
rapidly with the cytoplasmic pool, whereas those in the cores
are likely less dynamic. However, our results indicated that the
exchange rate (71,) of the scaffolds is not related to which type of
granule the scaffolds formed. These results suggested that cores
and shells are not be characterized by the exchange rate of the
scaffolds in the structures. Nevertheless, the 7, of the scaffolds
likely influenced the solid-like and liquid-like properties of the
scaffolds. For example, R-scaffolds with a slower 7, (FMR1 and
Pumiliol) more clearly exhibited solid-like properties, such as
large immobile fractions and resistance to cell permeabiliza-
tion, than R-scaffolds with a faster 7, (TIAR and TIA-1). In
contrast, S-scaffolds with a faster 7, (RNG105 and TDP-43)
more clearly exhibited liquid-like properties, such as a high
shape change rate, than S-scaffolds with a slower 1, (G3BP1)
(Fig. S3).

Contrary to the Ty, the F,, of the scaffolds was related to
which type of granule the scaffolds formed. Large immobile
fractions were formed only in the R-granules depending on the
slow exchange rate of the R-scaffolds. Furthermore, the immo-
bile fraction of the R-scaffolds was reduced by combination
with S-scaffolds, although their exchange rates were minimally
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affected. Taken together, the difference between R- and S-sub-
structures may be characterized not by the exchange rate of the
components, but by the ability to make a large immobile frac-
tion in the R-substructures compared with the S-substructures.
This difference in dynamics may be related to the dose-depen-
dent decrease and increase in the amount of nascent polypep-
tides in RNA granules by R- and S-scaffolds, respectively.

The core-shell structure is not limited to RNA granules and is
also observed in other RNA—protein (RNP) complexes such as
nucleoli (32, 33). The core-shell structure in the nucleolus was
reconstructed by phase-separated liquid droplets of distinct
components of the nucleolus, which were immiscible with each
other because of differences in the surface tension of the differ-
ent kinds of liquid droplets (33). The core-shell structures of
RNA granules and the nucleoli are similar in that the core and
shell (R and S) substructures were formed by specific scaffolds.
However, they differ in that the core (R-substructure) of RNA
granules exhibited solid-like properties, whereas that of the
nucleoli had liquid-like properties. Although the cores (R-sub-
structures) of RNA granules changed their dynamics toward a
fluid state by combination with the shells (S-substructures),
they were not likely liquid droplets because their shapes were
rough with small foci and resistant to cell permeabilization. As
the core (R) scaffolds of the RNA granules and the nucleoli
formed solid-like granules and liquid droplets by themselves,
respectively, whether the core is solid-like or liquid-like
may depend on which type of granule the scaffolds form by
themselves.

R- and S-scaffolds facilitated convergence of R- and S-gran-
ules instead of forming R- and S-granules separately. This con-
vergence suggested that there was interaction between R- and
S-granules. This interaction may be mediated by direct binding
between specific R- and S-scaffolds, e.g FMR1 and RNG105
(27). However, such relatively strong binding will inhibit sepa-
ration of R- and S-substructures if the scaffolds were abun-
dantly expressed, as observed in the cells expressing FMR1 and
RNG105 (Fig. 5C). Another possible interaction mechanism is
weak interactions between IDRs of R-scaffolds and IDRs of
S-scaffolds (16). As R-granules contain scaffolds that have
IDRs, R-granules may provide a high concentration of IDRs.
These IDRs may also weakly interact with S-scaffolds that also
have IDRs, allowing R-granules to be surrounded by S-granules.

RNA granules have functions to sequester untranslated
mRNAs while selectively translating specific mRNAs. RNA
granules also function to sort other specific nRNAs for decay in
processing bodies (5, 6). Our results suggested that R- and
S-substructures enable this multifunctionality of RNA gran-
ules. R-substructures can sequester mRNAs and decrease their
translation in large immobile fractions, whereas S-substruc-
tures can increase the mobility of granules and facilitate the
translation of mRNAs. The difference in the molecular constit-
uents between R- and S-substructures may confer a different
preference of the substructures for specific mRNAs. Some
mRNAs may be preferentially stored stably in R-substructures,
whereas others may be preferentially associated with S-sub-
structures and translated effectively in the liquid phase and/or
dynamically sent back to the cytoplasm for translation.
Although sorting of mRNAs for decay was not examined here,
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our assay system will be useful to assess which of the R- and
S-substructures function in mRNA decay and stability. Taken
together, the differences in the subgranular structures and their
molecular constituents impact the coordination of mRNA sort-
ing and translational regulation by RNA granules.

RNA granule scaffolds play key roles, especially in the brain.
Their functions are involved in learning and memory (34), and
abnormalities in their dynamics are associated with neurode-
generative diseases (8, 9). Therefore, it is important to under-
stand the relationship between the dynamics of RNA granules
and neural functions. Our study provided insight into the
assembly, dynamics, and effects on translation of the core- and
shell-like substructures in RNA granules, which will be useful
for studies on the brain regarding health and disease.

Experimental procedures
Cell culture and transfection

A6 cells were cultured as described previously (35). Briefly,
the cells were cultured on glass-bottomed dishes in 10% fetal
bovine serum (FBS) and 50% Leibovitz’s L-15 medium (Ther-
moFisher Scientific, Waltham, MA) at 23 °C without a CO,
atmosphere. Transfection was performed using Lipofectin
(ThermoFisher Scientific) in accordance with the manufactu-
rer’s protocol, and the transfected cells were observed 3 days
after transfection.

Plasmid construction

The pEGFP-N1 vector (Clontech) was used to construct
plasmids for GFP-tagged proteins. To construct plasmids for
mRFP1-tagged proteins, the GFP-coding sequence in the
pEGFP-N1 vector was replaced with the mRFP1-coding
sequence (19). Plasmids for RNG105, G3BP1, and FUS were
constructed previously (19, 35, 36). cDNAs for TDP-43,
Pumiliol, FMR1, TIAR, and TIA-1 were obtained by RT-PCR
from mouse brain RNA with the following primers: 5'-caag-
cttatgtctgaatatattcgggtaacaga-3' and 5'-gcgtcgacccacccectecce-
cccattceccagecagaagact-3' for TDP-43; 5'-gcgtcgacatgagegttg-
catgtgtcttg-3’" and 5'-tcccegeggtecgecccctectecgatgataccattag-
ggggaccac-3' for Pumiliol; 5'-ggaattcatggaggagctggtggtgg-3'
and 5’-gcgtcgacccgecgectectecgggtactecattcaccageg-3' for
FMR1; 5'-ccctegagatgatggaagacgacggaca-3' and 5'-cgggatccc-
cacccccaccteectgtgtegggaagettge-3' for TIAR; and 5'-ggaattca-
tggaggacgagatgcccaa-3' and 5'-gegtcgacccaceccctectecctgggtt-
tcatacccggece-3’ for TIA-1. The cDNAs were cloned into the
HindIII/Sall sites (TDP-43), Sall/Sacll sites (Pumiliol), EcoRI/
Sall sites (FMR1 and TIA-1), and Xhol/BamHI sites (TIAR) of
the vectors. These plasmids encoded proteins tagged with GFP
or mRFP1 at their C termini through five-glycine linkers.

Fluorescence imaging of fixed cells

Cells expressing GFP- and mRFP1-tagged proteins were
fixed with 3.7% formaldehyde in phosphate-buffered saline
(PBS) for 10 min. After washing with PBS, the cells were treated
with 0.5% Triton X-100 in PBS for 10 min to allow a mounting
agent to permeate into the cells in the later procedure. After
washing with PBS, the specimens were mounted in Mowiol
(Merck Millipore, Billerica, MA). Fluorescence images were
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acquired using a DeltaVision optical sectioning microscope
(GE Healthcare) equipped with an IX70 inverted microscope
(Olympus, Tokyo, Japan) with a PlanApo X 60 oil objective lens.
The diameter of the foci in R-granules was calculated by mea-
suring the full width at half-maximum of the fluorescence pro-
files of the foci.

Analysis of the texture of S- and R-granules

Fluorescence images of GFP-tagged proteins were acquired
as described above. Each RNA granule with surrounding cyto-
plasm was selected as a region of interest (ROI). The fluores-
cence intensity of each pixel in the ROI was measured and
divided into 256 gradations, with the brightest signal being 256.
Gradations 1-47 were eliminated from the data as background
(cytoplasmic) levels. In the case of GFP-only expressing cells,
the cytoplasm and an adjacent extracellular region (back-
ground) were selected as a ROI and measured in the same way.
The normalized pixel intensity was plotted on a histogram.
Skewness of the histogram was calculated as shown in Equa-
tions 1 and 2,

2?: 1(x; = X)*/nS?

1
-
—

and x is the mean intensity of the pixels.

(Eq.1)

where

(Eq.2)

1 E:n: (X —X)?

In situ hybridization

Cells expressing the GFP-tagged scaffolds were fixed with
3.7% formaldehyde in PBS containing 5 mm MgCl, (PBSM) for
10 min. After washing with PBSM, the cells were treated with
0.5% Triton X-100 in PBSM for 10 min. The cells were washed
with PBSM, equilibrated with 15% formamide, 2X saline-so-
dium citrate (SSC), and 10 mMm sodium phosphate (pH 7.0) for
10 min and then probed with 0.25 ug/ml 3'-digoxigenin—
labeled poly(dT) probe (55-mer) in 0.5 mg/ml yeast t-RNA
(Roche Diagnostics, Basel, Switzerland), 0.5 mg/ml salmon
sperm DNA (FUJIFILM Wako Pure Chemical, Osaka, Japan),
10% dextran sulfate, 0.1% BSA, 15% formamide, 2X SSC, and 10
mwM sodium phosphate (pH 7.0) at 37 °C for 1.5 h. The cells were
washed in 15% formamide and 2X SSC at 37 °C for 20 min, and
then in 1X SSC for 30 min. After blocking with 10% FBS in
Dulbecco’s modified Eagle’s medium, the probe was labeled
with an anti-digoxigenin antibody (Roche Diagnostics) and a
Cy3-conjugated anti-goat IgG antibody (1:400, 705-165-147,
Jackson ImmunoResearch, West Grove, PA). Fluorescence
images were acquired as described under “Fluorescence imag-
ing of fixed cells.” The fluorescence intensity of the immunola-
beled mRNA was measured in the granule areas and the other
cytoplasmic areas of the scaffold-expressing cells and was nor-
malized by the fluorescence intensity in the cytoplasm of neigh-
boring untransfected cells.

Cell permeabilization analysis

Time-lapse fluorescence images of cells were acquired at 5-s
intervals for cells expressing only a GFP-tagged protein or at 7-s
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intervals for cells expressing both GFP- and mRFP1-tagged
proteins using an IX83 inverted microscope (Olympus) with a
UPlanFL N X40 objective lens and an ORCA-R2 digital CCD
camera (Hamamatsu Photonics, Hamamatsu, Japan). After 10
images (for GFP-expressing cells) or 7 images (for both GFP-
and mRFP1-expressing cells) were taken, 0.5 ml of 0.06% digi-
tonin dissolved in medium was added to the cells cultured in 2
ml of the same medium. Fluorescence images were taken for
~300 s after the addition of digitonin.

The first image of the time-lapse data was binarized using the
MaxEntropy threshold algorithm in Image] software, and the
other images of the same series were also binarized using
the same threshold value. The binarized granule areas were
measured using Image] software. As the duration between the
digitonin addition and cell permeabilization varied from cell to
cell, the time just before the cells became permeable was
adjusted to time O to calculate the average of the binarized gran-
ule areas (Figs. 2B and 6C). Note that the time 0 of the fluores-
cence images (Figs. 2, A, C, and D, and 6, A and B) was not
adjusted and indicates the time at which digitonin was added.

FRAP analysis

Time-lapse images of live cells expressing GFP- and mRFP1-
tagged proteins were acquired at 5-s intervals using an A1 con-
focal laser microscope equipped with a Ti-E inverted micro-
scope (Nikon, Tokyo, Japan) with a PlanApo VC X60 oil
objective lens. Four control images were taken before bleach-
ing, and then a ROJ, an ellipse covering the whole area of an
RNA granule, was bleached using the 488-nm laser (40 milli-
watts) and 561-nm laser (10 milliwatts) at 60% power and 8
s/frame (Figs. 3A and 7A). The fluorescence intensity at each
time point was measured for the RNA granule in the ROI (F),
the other granules in the same cell (F,), and the cytoplasm of the
cell (F,) using Image]. The fluorescence intensity of the target
RNA granule at each time point (F,) was normalized as shown
in Equation 3,

F(r) = ((F - Fc)(t) - (F - Fc)(z:o))/(Fg - Fc)(t)

where t = 0 was just after photobleaching. Then fluorescence
intensity (% of before bleaching) was calculated as F,/F,,,,.
where F,,, is the average of the F, of the four control images.
A FRAP curve of the measured value (F,)/F_,,,, t = 0) was fitted
with Equation 4,

(Eq.3)

In2
f(t) = F,(1 — e 72) (Eq.4)

where F,, is the mobile fraction (maximum recovery), and 7, is
the halftime of recovery. The least-squares method with Excel
Solver was used for fitting. A surface plot of RNA granules (Fig.
3B) was created using the interactive 3D surface plot plugin in
Image].

Granule shape change

Time-lapse images taken at 5-s intervals were acquired as in
the FRAP analysis. Deformation of each granule over 100 s (21
images) was analyzed. A granule in the 21 time-lapse images
was selected and converted into binary images using the default
mode in Image]. If the granule was displaced by intracellular
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transport or cell migration, the place was corrected such that
the differential area of the granule throughout the time course
reached a minimum. The 21 binary images were merged, and
the merged area was compared with the average area of the
granule using Equation 5,

(Smerge(n =0-— 22)/2%0: 05,,/21 - 1) X 100 (Eq.5)

where S is the area of the granule.

Co-localization analysis

Fluorescence images of GFP- and mRFP1-tagged scaffolds in
the same cells were acquired as described under “Fluorescence
imaging of fixed cells.” GFP and mRFP1 images were merged,
and then the granule area was selected and converted into
binary images using the default mode in Image]. The binary
image was used to select a ROI, and an RNA granule in the ROI
in the original images was analyzed for co-localization of the
scaffolds. Pearson’s r value for the two scaffolds in the ROI was
calculated using the Coloc 2 plugin in Fiji (37).

Ribopuromycilation analysis

Ribopuromycilation analysis was conducted as described
previously with a modification (35). Cells were pulse-labeled
with 50 pg/ml puromycin and 100 ug/ml cycloheximide at
23 °C for 10 min to puromycilate nascent polypeptide chains in
the cells. After washing with 100 ug/ml cycloheximide in PBS
on ice for 3 min, the cells were permeabilized and fixed in
0.015% digitonin, 3.7% formaldehyde, 100 ug/ml cyclohexi-
mide, 5 mm MgCl,, 25 mm KCl, and 50 mm Tris-HCI (pH 7.5) on
ice for 5 min. After post-fixation with 3.7% formaldehyde in
PBS for 10 min, the puromycilated nascent polypeptide chains
were labeled with an anti-puromycin antibody (1:125, 3RH11,
Kerafast, Boston, MA) and a DyLight 649-conjugated anti-
mouse IgG antibody (1:400, 715-495-151, Jackson Immuno-
Research). After washing with PBS, the specimens were
mounted in Mowiol. Fluorescence images were acquired using
an IX83 inverted microscope (Olympus) with an UPlanFL N
X40 objective lens and a 4.2 Mpixel sCMOS camera (Photo-
metrics, Tucson, AZ). The fluorescence intensity of the immu-
nolabeled polypeptides was measured in the granule areas and
the other cytoplasmic areas of the cells and was normalized by
the fluorescence intensity in the cytoplasm of neighboring
untransfected cells.

Immunostaining

Cells were stressed with or without 0.5 mwm arsenite for 30
min. The cells were fixed and permeabilized as described under
“Fluorescence imaging of fixed cells.” After blocking with 10%
FBS in PBS, the specimens were labeled with an anti-phospho-
elF2« (Ser-51) antibody (1:100, 119A11, Cell Signaling Tech-
nology, Danvers, MA) and a cyanin 3— conjugated anti-rabbit
IgG (1:400, Jackson ImmunoResearch). The specimens were
mounted and visualized as described under “Ribopuromycila-
tion analysis.”

Statistical analysis

Data are represented as scatter plots that show all the indi-
vidual data points and the mean * S.D. Sample numbers are
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indicated in the figure legends. Statistical analysis was per-
formed using R. Significance was determined using the
Student’s ¢ test, one-way analysis of variance (ANOVA), one-
way repeated measures ANOVA, and post hoc Tukey-Kramer
test as indicated in the figure legends.
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