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Coupling of translation quality control and mRNA
targeting to stress granules

Stephanie L. Moon*?@®, Tatsuya Morisaki*®, Timothy J. Stasevich®4, and Roy Parker>*@®

Stress granules are dynamic assemblies of proteins and nontranslating RNAs that form when translation is inhibited in
response to diverse stresses. Defects in ubiquitin-proteasome system factors including valosin-containing protein (VCP) and
the proteasome impact the kinetics of stress granule induction and dissolution as well as being implicated in
neuropathogenesis. However, the impacts of dysregulated proteostasis on mRNA regulation and stress granules are not well
understood. Using single mRNA imaging, we discovered ribosomes stall on some mRNAs during arsenite stress, and the release
of transcripts from stalled ribosomes for their partitioning into stress granules requires the activities of VCP, components of
the ribosome-associated quality control (RQC) complex, and the proteasome. This is an unexpected contribution of the RQC
system in releasing mRNAs from translation under stress, thus identifying a new type of stress-activated RQC (saRQC) distinct

from canonical RQC pathways in mRNA substrates, cellular context, and mRNA fate.

Introduction
Stress granules (SGs) are evolutionarily conserved assemblies of
nontranslating RNAs, translation factors, and RNA-binding pro-
teins that form during diverse stress conditions that cause trans-
lation inhibition (Anderson and Kedersha, 2008; Ivanov et al.,
2019; Protter and Parker, 2016). These stress-induced RNA-
protein granules are cytoplasmic membrane-less condensates
similar to neuronal transport granules, processing bodies, and
germ cell granules (Anderson and Kedersha, 2006; Buchan, 2014).
SGs are enriched in long, inefficiently translated RNAs, but other
key determinants of mRNA recruitment to, and retention within,
SGs remain to be established (Khong et al., 2017; Moon et al., 2019;
Namkoong et al., 2018). While the function of SGs is not well un-
derstood, they are thought to contribute to cell survival in part by
sequestration of signaling proteins to either enhance or limit sig-
naling activity (Kedersha et al.,, 2013). The dysregulation of SGs is
implicated in an array of neurodegenerative and neuromuscular
disorders including frontotemporal dementia and amyotrophic
lateral sclerosis (Buchan and Parker, 2009; Kedersha et al., 2013; Li
et al., 2013; Ramaswami et al., 2013; Taylor et al., 2016). Thus,
understanding the fundamental mechanisms that dictate SG com-
position and regulation could provide insight into how cells re-
spond to stress and how this process goes awry in disease contexts.
The ubiquitin-proteasome system (UPS) is a key mechanism
in the cell that mediates protein homeostasis through targeted

ubiquitin-mediated protein degradation by the 26S proteasome
(Nandi et al., 2006). Certain ubiquitinated protein substrates
must be processed by the ubiquitin segregase valosin-containing
protein (VCP; also known as p97 or Cdc48) to enable
proteasome-mediated degradation (Bard et al., 2018; Ye et al.,
2017). The UPS limits the accumulation of cytotoxic, misfolded,
aggregation-prone proteins in the cell and serves important
cotranslational quality control functions such as degrading
nascent proteins that fail to fold properly (Goldberg, 2003). The
ribosome-associated quality control (RQC) pathway is one such
mechanism that targets nascent proteins and mRNAs for deg-
radation when ribosomes stall on aberrant mRNAs (such as
mRNAs lacking stop codons, mRNAs that are prematurely
polyadenylated, or mRNAs have truncated ORFs, strong sec-
ondary structures, rare codons, or are oxidized; Brandman and
Hegde, 2016; Brandman et al., 2012; Doma and Parker, 2006;
Ito-Harashima et al., 2007; Meaux and Van Hoof, 2006;
Shoemaker and Green, 2012; Simms et al., 2014; Wilson and
Beckmann, 2011). Importantly, defects in the UPS are associ-
ated with aging and a wide range of neurodegenerative dis-
orders (de Bot et al., 2012; Chu et al., 2009; Gonzalez et al., 2014;
Johnson et al., 2010; Watts et al., 2004).

Altered UPS activity interferes with SG induction upon stress
and their disassembly when stress is resolved. Proteasome
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inhibition causes SGs to assemble after several hours (Mazroui
et al., 2007). However, inhibition of VCP or proteasome activity
perturbs SG formation in response to acute stress (Seguin et al.,
2014). In addition, VCP inhibition can cause constitutive SGs and
limits SG disassembly (Buchan et al., 2013; Rodriguez-Ortiz
et al., 2016; Turakhiya et al., 2018; Wang et al., 2019). Thus, SG
disassembly requires the activities of VCP and the proteasome,
potentially acting either by removing misfolded or aberrant
proteins from SGs for proteasomal decay (Turakhiya et al., 2018)
or by limiting granulophagy, the degradation of SGs via au-
tophagy (Buchan et al., 2013).

In this study, we applied single mRNA imaging approaches
(Khong et al., 2017; Moon et al., 2019; Morisaki et al., 2016) to
evaluate the role of VCP and the proteasome in regulating
mRNA-SG interactions. Our goal was to directly assess how the
UPS impacts the release of mRNAs from translation and their
partitioning into SGs. Surprisingly, we uncovered a new role for
VCP, the proteasome, and RQC factors listerin (LTN1) and nu-
clear export mediator factor (NEMF) for resolving stalled ribo-
somes on mRNAs and facilitating mRNA partitioning into SGs.
Disease-associated alleles of VCP (Watts et al., 2004; Johnson
et al., 2010) with enhanced ubiquitin segregase activity (Zhang
et al., 2015, 2017) increased mRNA partitioning into SGs. This
work suggests a new role for a stress-activated RQC (saRQC)
pathway in mediating mRNA recruitment to SGs.

Results

Inhibition of VCP or proteasome function increases mRNAs
associated with nascent protein chains during arsenite stress
To evaluate whether and how VCP or proteasome perturbation
impacts mRNA regulation during stress, we simultaneously
examined the translation status and interaction of individual
mRNAs with SGs in living cells using nascent chain tracking
(Morisaki et al., 2016). This assay allows visualization of three
distinct aspects of individual mRNA molecules being targeted to
SGs: their release from polysomes, the duration of transient
docking interactions with SGs, and the kinetics of stable mRNA
association with SGs (Moon et al., 2019). We examined how
N2,N*-dibenzylquinazoline-2,4-diamine (DBeQ), a VCP inhibitor
(Chou et al., 2011), and MG132, a proteasome inhibitor (Figueiredo-
Pereira et al., 1994), affected mRNA-nascent chain interactions and
mRNA interactions with SGs in U-2 OS cells stably expressing GFP-
G3BP1 (Kedersha et al., 2008) during acute arsenite stress, which
inhibits translation initiation and leads to ribosome run-off
(McEwen et al., 2005).

An important observation was that cells treated with DBeQ or
MG132 during arsenite stress exhibited an increased number of
mRNAs associated with nascent protein chains despite the
presence of SGs (Fig. 1 A, Video 1, Video 2, and Video 3). Cells
were cotreated simultaneously with arsenite and either DMSO,
DBeQ, or MG132, and all images were taken pre-cotreatment and
after SGs formed (15-75 min after stress) as described previously
(Moon et al., 2019). Treatment with DBeQ or MG132 alone for a
similar duration (10-67 min) did not alter the relative number of
mRNAs associated with nascent protein chains (Fig. 1 B). The
mRNAs associated with nascent chains, in both stressed cells
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treated with carrier (DMSO) and in the presence of DBeQ or
MG132, only interacted with SGs in a transient manner and
could not enter into a stable interaction state with them (Fig. 1
C). The transient interaction of SGs with mRNAs associated with
nascent protein chains and ribosomes is consistent with previ-
ous observations showing the mRNAs associated with 80S
subunits can only interact with SGs for short periods (Moon
et al., 2019). A complementary approach showed a similar in-
crease in mRNAs associated with nascent chains for the DYNCIHI
and POLR2A mRNAs visualized with the SunTag system upon
DBeQ treatment during arsenite stress (Fig. SI; Pichon et al.,
2016). These observations suggest that on some mRNA mole-
cules, VCP and proteasome function is required for efficient
ribosome release during arsenite stress.

One possibility is that DBeQ and MG132 block translation
repression during stress, resulting in the observed increase in
nascent polypeptides associated with mRNAs. However, poly-
some profiling revealed polysomes collapse, and incorporation
of 35S-labeled amino acids into nascent proteins showed trans-
lation is similarly suppressed during arsenite stress in the
presence or absence of DBeQ or MG132 (Fig. S2). Thus, VCP and
proteasome inhibition do not block global translation shutoff
during arsenite stress. Moreover, since polysomes collapse, we
infer that only a subfraction of mRNA molecules requires VCP
and proteasome function for efficient ribosome release.

A second possibility is that those mRNAs associated with
nascent chains in stressed cells treated with DBeQ or MG132 are
stalled in translation elongation during arsenite stress, and ri-
bosome run-off is inhibited. Ribosome run-off can be measured
by blocking translation initiation with harringtonine (HT) and
measuring the time it takes for nascent peptide chains to dis-
sociate from the mRNA (Fresno et al., 1977; Ingolia et al., 2011).
Cotreatment of cells with the translation initiation inhibitor HT
revealed a significant increase in the number of mRNAs asso-
ciated with nascent chains in stressed, DBeQ-treated cells com-
pared with cells treated with HT alone (Fig. 1 D and Video 4).
However, the number of translating mRNAs decreased over
time in cells cotreated with arsenite, DBeQ, and HT (Fig. 1 D and
Video 5), suggesting ribosomes may be slowed rather than
stopped during elongation in this context, or there are additional
mechanisms for stalled ribosome removal. These results argue
that ribosomes pause, or are substantially slowed, on a subset of
mRNA molecules during arsenite stress and require VCP and the
proteasome for mRNA release.

Inhibition of VCP or proteasome function affects mRNA
partitioning into SGs

If mRNAs are trapped in stalled translation complexes during
stress upon VCP or proteasome inhibition, recruitment of at
least some endogenous mRNAs to SGs should be reduced by VCP
or proteasome inhibition. Previous studies demonstrated that
treatment of stressed cells with cycloheximide or emetine,
which inhibits translation elongation and traps mRNAs in pol-
ysomes, reduces mRNA recruitment to SGs (Khong and Parker,
2018; Namkoong et al., 2018; Zurla et al., 2011). Therefore, we
examined the recruitment of AHNAK mRNAs to SGs using single
molecule FISH (smFISH; Khong et al., 2017) in stressed cells
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Figure 1. Translating ribosomes stall on reporter mRNAs during arsenite stress and require VCP and proteasome activity to be resolved. (A) Left:
Representative images of SM-KDM5B reporter mRNAs tagged with MS2 coat protein (MCP)-Halo JF646 (red) with nascent chains visualized with Cy3-anti-
FLAG antibody fragments (green) in cells expressing the SG marker GFP-G3BP1 (blue) cotreated with arsenite (As) and DMSO, MG132, or DBeQ. Scale bars, 10
um. Magnified panels show individual mRNAs and nascent chains. Scale bars, 2 um. Right: Average relative percent SM-KDM5B reporter mRNAs with nascent
chains + SEM with individual points representing a single cell relative to prestress levels for As (0.5 mM, n = 7 cells), As + DMSO (0.1%, n = 7 cells), As + MG132
(10 uM, n = 9 cells), and As + DBeQ (10 uM, n = 9 cells). Student’s t test was done to assess significance, with *, P < 0.05; ***, P < 0.005; and ****, P < 0.001.
(B) The percentage of SM-KDM5B reporter mRNAs visualized as in A in cells before or after treatment with DBeQ (left; 10 pM, n = 6 cells) or MG132 (right; 10
UM, n = 4 cells) alone. (C) Average binding-time survival probability (+SEM) of SM-KDM5B mRNAs associated with nascent chains and SGs in cells cotreated as
in A with As + DMSO (n = 6 cells), As + DBeQ (n = 14 cells), and As + MG132 (n = 10 cells). (D) Cells harboring SM-KDM5B reporter mRNAs, FLAG antibody
fragments, and MCP-Halo JF646 were either unstressed and treated with HT or stressed with As and cotreated with DBeQ and HT. Images were acquired
prestress and then in 10-min intervals starting 15 min later. HT was added 15 min after As + DBeQ (or no treatment). Left: Representative time series of
unstressed cells (top) and As + DBeQ cells (bottom) treated with HT. Scale bars, 10 um (in whole cell) and 2 um (in insets). Right: The average + SEM of the
percent SM-KDM5B mRNAs with nascent chains at each time point relative to prestress conditions is shown in unstressed cells (black) and As-stressed cells
treated with DBeQ (blue), with individual cells shown in gray (unstressed + HT, n = 13 cells) and light blue (As stress + DBeQ + HT, n = 17 cells). Student’s t test
was done to assess significance between untreated + HT and As + DBeQ + HT conditions at each time point, with ***, P < 0.005 and ****, P < 0.001. Exact P
values and source data are listed in Table S1.
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treated with VCP or proteasome inhibitors. Strikingly, we ob-
served that the recruitment of AHNAK mRNAs to SGs was sig-
nificantly reduced in the presence of MG132 or DBeQ during
arsenite stress (Fig. 2 A).

To determine whether the reduced accumulation of mRNAs
in SGs was directly due to inhibition of VCP or the proteasome,
we tested additional inhibitors. Importantly, we observed a
similar depletion of AHNAK mRNAs associated with SGs in
arsenite-stressed cells treated with the VCP inhibitor CB-5083 or
the proteasome inhibitor bortezomib (Fig. 2 B). Since multiple
inhibitors of these complexes gave a similar phenotype, we in-
terpret the reduction in AHNAK mRNAs localized to SGs as being
due to loss of VCP or proteasome function.

Two observations suggest that AHNAK mRNAs are limited in
their recruitment to SGs in the presence of VCP or proteasome
inhibitors due to ribosome association. First, treatment with
puromycin, which releases ribosomes from mRNAs and in-
creases their recruitment to SGs (Khong and Parker, 2018), re-
stored targeting of AHNAK mRNAs to SGs in stressed cells
treated with DBeQ (Fig. 2 A), CB-5083 (Fig. 2 B), MGI32, or
bortezomib (Fig. 2 C). Second, the accumulation of the non-
translating long noncoding RNA (IncRNA) NORAD into SGs was
unaffected by VCP inhibition (Fig. 2, A and B). In addition, an-
alyzed cells had similar size distributions of SGs regardless of
treatment conditions (Fig. S3), and while there was a small in-
crease in SG number upon DBeQ treatment in the presence or
absence of puromycin during arsenite stress, no change in SG
number was observed with MG132 and arsenite cotreatment
(Fig. S3). Therefore, changes in SG properties due to VCP or
proteasome inhibition are unlikely to underlie the observed
differences in AHNAK recruitment to SGs.

Three other mRNAs, SCN8A, DYNCIHI, and PEG3, were sig-
nificantly depleted from SGs in the presence of DBeQ, by ~35,
~16, and ~11%, respectively, and their localization to SGs was
restored with puromycin cotreatment (Fig. 3 A). However, not
all mRNAs were depleted from SGs upon VCP inhibition, as we
observed EGRI and TFRC were not depleted from SGs upon VCP
inhibition (Fig. 3 A). Furthermore, the mRNAs of stress-induced
genes HSPAIA and HSPAIB were not depleted from SGs upon VCP
inhibition (Fig. S4). These observations argue ribosomes stall in
translation during arsenite stress on some, but not all, mRNAs,
and those mRNAs require VCP and proteasome activity for ef-
ficient ribosome release and targeting to SGs. It should be noted
that since some mRNA molecules of affected transcripts still
accumulate in SGs, we anticipate that not every mRNA molecule
from a given gene undergoes ribosome pausing, which might be
affected by stochastic events on a given mRNA.

To address whether VCP impacts mRNA recruitment to SGs
during other stresses, we assessed the localization of AHNAK
and NORAD RNAs to SGs upon heat stress and ER stress. The
recruitment of AHNAK to SGs was reduced by ~47% in cells
exposed to heat stress in the presence of DBeQ and restored by
puromycin cotreatment, while NORAD was unaffected (Fig. 3 B).
However, AHNAK recruitment to SGs is not dependent on VCP
under all stresses. For example, under a stress response induced
by DTT, which triggers ER stress, DBeQ treatment did not result
in a significant reduction in AHNAK recruitment to SGs (Fig. 3
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B). Therefore, the VCP-dependent release of mRNAs from ri-
bosomes for partitioning into SGs occurs in specific stress con-
ditions, including arsenite and heat stress, but not ER stress
caused by DTT.

Members of the RQC pathway also affect mRNA partitioning
into SGs

VCP is known to function in the RQC pathway where it is
thought to extract ubiquitinated nascent chains from free 60S
subunits after ribosome splitting (Brandman et al., 2012; Shao
et al,, 2015). To determine whether ribosome release and tar-
geting of mRNAs to SGs involved other components of the RQC
pathway, we examined whether LTN1, which ubiquitinates ab-
errant nascent chains, and its cofactor NEMF (Brandman et al.,
2012; Shao et al., 2015; Verma et al., 2013) affected mRNA tar-
geting to SGs. We observed siRNA depletion of LTN1 or NEMF
(Fig. 4 A) reduced AHNAK recruitment to SGs, which was re-
stored by puromycin cotreatment (Fig. 4 B). Taken together, the
observations that LTN1 and NEMF depletion reduces AHNAK
partitioning into SGs and puromycin cotreatment restores AH-
NAK in SGs demonstrate that components of the RQC pathway
also influence the targeting of mRNAs to SGs.

VCP, LTN1, and NEMF were not enriched in SGs and were
diffusely localized in the cytoplasm with two ribosomal proteins
(RPL19 and RPL29) 45 min following arsenite stress in the
presence or absence of DBeQ (Fig. S5). This argues for a function
of these RQC factors outside of SGs. The observation that VCP
did not partition into SGs was in contrast to prior studies
(Buchan et al., 2013; Turakhiya et al., 2018); however, it is
possible that VCP is only recruited to SGs during late-stage stress
or recovery from stress. In sum, these results point to a new
function of RQC factors in releasing mRNAs stalled in translation
during acute stress before their localization to SGs.

The effect of VCP on mRNA partitioning into SGs is through an
RQC pathway

In principle, the effect of VCP on mRNA partitioning into SGs
could be through the RQC pathway, where VCP is known to play
a role (Brandman et al., 2012; Ye et al., 2017), or through a
parallel pathway. If VCP and RQC factors affect independent
pathways, we would expect to observe an additive reduction in
AHNAK partitioning to SGs when inhibiting or depleting two
factors at once. Conversely, if VCP and RQC factors work in the
same pathway, we would expect simultaneous inhibition of both
RQC factors and VCP should give a similar phenotype as single
depletions or inhibitions. Given this, we examined the recruit-
ment of AHNAK mRNA to SGs using a combination of siRNA
depletion and chemical inhibition treatments.

We observed that when LTN1 or NEMF is knocked down,
treatment with DBeQ or MG132 to inhibit VCP or the proteasome
did not lead to a further reduction in AHNAK recruitment to SGs
during arsenite stress (Fig. 5). Puromycin rescued AHNAK lo-
calization to SGs in all cases, again supporting the interpretation
that LTN1, NEMF, VCP, and the proteasome aid mRNA release
from ribosomes during arsenite stress. These results argue that
LTN1, NEMF, VCP, and the proteasome are all functioning as
part of the RQC pathway to mediate mRNA recruitment to SGs.
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Figure 2. VCP and the proteasome are required for efficient release of endogenous mRNAs from ribosomes for partitioning into SGs. (A) U-2 OS cells
expressing the SG marker GFP-G3BP1 were stressed with 0.5 mM sodium arsenite (As; AHNAK n = 9 cells, NORAD n = 8 cells) for 45 min with or without 0.1%
DMSO (As + DMSO, AHNAK n = 12 cells, NORAD n = 8 cells), 10 uM MG132 (As + MG132, AHNAK n = 8 cells, NORAD n = 8 cells), 10 uM DBeQ (As + DBeQ, AHNAK
n = 8 cells, NORAD n = 8 cells), or 10 pM DBeQ + 10 pug/ml puromycin (As + DBeQ + Puro, AHNAK n = 8 cells, NORAD n = 8 cells). (B) Cells were stressed with As
and cotreated as in A except in the presence or absence of CB-5083 or bortezomib (Bort). For As + DMSO AHNAK n = 21 cells, and for NORAD n = 23 cells; for
As + CB-5083 AHNAK n = 31 cells, and for NORAD n = 22 cells; for As + CB-5083 + puromycin (Puro) AHNAK n = 25 cells and for NORAD n = 17 cells; for As + Bort
AHNAK n = 17 cells, and for NORAD n = 21 cells. (C) Cells were stressed with As and cotreated as in A with DMSO, MG132, or Bort in the presence or absence of
puromycin (n = 12 cells for all conditions). Cells were fixed, smFISH was performed to detect the mRNA AHNAK or IncRNA NORAD, and maximum intensity
projections assembled from z-stacks were imaged at 100x on a DeltaVision microscope. SGs are shown in green, RNAs in white, and nuclei in blue (DAPI).
Representative photomicrographs with the average percent AHNAK or NORAD RNAs colocalizing with SGs + SEM are shown (right). Two independent ex-
periments were performed with individual points representing a single cell, and Student’s t test was done to assess significance, with *, P < 0.05; **, P < 0.01;
and ****, P < 0.001. Scale bars, 10 um (whole cell), 5 um (magnified panels in A and C), or 2 um (magnified panels in B). Exact P values and source data are
provided in Table S1.
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Figure 3. VCP inhibition affects the targeting of specific transcripts to SGs during arsenite stress, and VCP is required for complete AHNAK lo-
calization to SGs upon heat stress, but not ER stress. (A) U-2 OS cells were stressed with arsenite (As; 0.5 mM) in the presence or absence of DMSO (0.1%),
DBeQ (10 pM), or DBeQ (10 uM) plus puromycin (Puro; 10 pg/ml) for 45 min. Cells were fixed, smFISH was performed, and cells were imaged at 100 on a
DeltaVision microscope. The average percent SCN8A (As + DMSO n = 36 cells; As + DBeQ n = 32 cells; As + DBeQ + Puro n = 30 cells), DYNCIHI (As + DMSO n =
34 cells; As + DBeQ n = 23 cells; As + DBeQ + Puro n = 22 cells), PEG3 (As + DMSO n = 34 cells; As + DBeQ n = 34 cells; As + DBeQ + Puro n = 28 cells), EGR1 (As +
DMSO n = 33 cells; As + DBeQ n = 28 cells; As + DBeQ + Puro n = 32 cells), and TFRC (As + DMSO n = 22 cells; As + DBeQ n = 19 cells; As + DBeQ + Puro n = 15
cells) mRNAs in SGs + SEM are shown, with *, P < 0.05; ***, P < 0.005; and ****, P < 0.001. (B) U-2 OS cells were subjected to heat stress (HS; 42°C for 45 min)
or DTT (2 mM for 45 min) and processed as in A. For all DTT and HS conditions, AHNAK and NORAD n = 12 cells. The average percent AHNAK or NORAD RNAs in
SGs + SEM from maximum intensity projections of 25 z-stacks is shown, with individual points representing a single cell from two independent replicates.

Student’s t test was done to assess significance, with ****, P < 0.001. Exact P values and source data are provided in Table S1.

RQC activity during stress is different from canonical
RQC pathways
The observation that RQC factors would be required for the
release of nascent chains from the mRNA and targeting the
mRNA to SGs was surprising since RQC proteins are thought to
only interact with the 60S subunit after ribosome dissociation
and release from mRNAs with strong ribosomes stall sites
(Brandman and Hegde, 2016; Shao et al., 2015). Given this dif-
ference, we examined whether the effect of VCP on mRNA
targeting to SGs was influenced by the same translation per-
turbations that trigger a canonical RQC response. For this ex-
periment, we assessed the localization of a dual-fluorescence
stalling reporter mRNA with EGFP encoded upstream of RFP,
with or without a stalling poly(A) tract, which triggers canonical
RQC, inserted between them (Fig. 6 A, left; Juszkiewicz and
Hegde, 2017). The EGFP:RFP signal intensity was higher (1.8 =
0.3) in cells expressing the stalling reporter than in the control
reporter construct (1.0 + 0.04; Fig. 6 A, right), confirming lower
ribosome readthrough past the poly(A) sequence.

A key observation was that while a control reporter tran-
script was depleted from SGs upon VCP inhibition, the

Moon et al.
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partitioning of the stalling reporter mRNA into SGs was unaf-
fected by VCP inhibition (Fig. 6 B). Therefore, the fate of typical
mRNAs stalled in translation during arsenite stress is different
from that of canonical RQC substrate mRNAs. This highlights a
difference between saRQC complex and RQC pathways (see
Discussion).

mRNA partitioning into SGs is increased by pathogenic

VCP alleles

The results mentioned above show that inhibition of VCP
function leads to a decrease in some mRNAs accumulating in
SGs. Interestingly, there are a series of pathogenic VCP alleles
that cause neurodegeneration and inclusion body myopathies
(Johnson et al., 2010; Watts et al., 2004). These are thought to be
hypermorphic alleles, at least in some cases, as the VCP-R155H
and VCP-A232E alleles have increased ubiquitin segregase ac-
tivity (Zhang et al., 2015, 2017), and to act in a dominant manner
in patients (Johnson et al., 2010; Watts et al., 2004). Given that
we had identified a new function of VCP in affecting mRNA
partitioning into SG, we tested how this process was affected by
pathogenic VCP alleles by examining AHNAK localization in cells
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Figure 4. Canonical RQC factors LTN1 and NEMF are required for effi-
cient mRNA partitioning into SGs. U-2 OS cells were transfected with
nonspecific siRNAs (siNS), siRNAs to LTNI (siLTN1), or siRNAs to NEMF (si-
NEMF). (A) The levels of LTNI and NEMF relative to GAPDH were detected by
RT-gPCR (n = three independent experiments) with average + SEM shown.
Student’s t test was done to assess significance, with ***, P < 0.005 and ****,
P < 0.001. (B) Cells were stressed for 45 min with arsenite (As; 0.5 mM) in the
presence (As + puromycin [Puro], bottom panels) or absence (As, top panels)
of Puro (10 pg/ml) with n = five frames counted in all conditions (42-57 total
cells per condition). IMF staining to detect G3BP (green) and smFISH to
detect AHNAK mRNA (white) was performed, and nuclei were visualized with
DAPI (blue). Top: Representative photomicrographs. Scale bars, 10 um (whole
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expressing WT or EGFP-tagged pathogenic VCP variants (Zhang
et al., 2015; Tresse et al., 2010; Halawani et al., 2009; Manno
et al., 2010; Niwa et al., 2012). The common VCP-R155H variant
affects the N-terminal domain that mediates ubiquitin and co-
factor binding, and the severe A232E variant alters the
N-terminal AAA-ATPase domain D1 that mediates homo-
hexamerization of VCP and catalysis (Watts et al., 2004; Wang
et al., 2003).

We observed that both pathogenic VCP variants, but not the
WT protein, caused increased recruitment of AHNAK mRNAs to
SGs (Fig. 7). On average, the VCP-R155H allele caused a 26%
increase and the VCP-A232E allele caused a 29% increase in
AHNAK localization to SGs (Fig. 7). Partitioning of NORAD into
SGs (Fig. 7) and the size and number of SGs per cell were not
altered (Fig. S3), suggesting global changes in SG properties did
not account for the increased AHNAK localization to SGs. It was
previously shown that exogenous expression of pathogenic VCP
alleles caused constitutive SGs in a subset of unstressed cells
(Buchan et al., 2013) and delayed SG disassembly following heat
stress (Wang et al., 2019). Therefore, pathogenic VCP variants
can increase the targeting of some mRNAs to SGs, which would
alter the SG transcriptome, and may contribute to the formation
of aberrant or constitutive SGs in disease contexts.

Discussion
In this work, we present evidence that the machinery involved
in the RQC pathway, including the VCP complex and the pro-
teasome, affects the partitioning of mRNAs into SGs by medi-
ating ribosome release from mRNAs. This is based on the
observation that inhibiting VCP, the proteasome, LTNI, or
NEMTF leads to a reduced level of accumulation of some mRNAs
in SGs. This affect is related to ribosome release since mRNAs
are restored in SGs following puromycin treatment, which re-
leases ribosomes from mRNAs, and the IncRNA NORAD, which
also accumulates in SGs, is not affected by inhibition of VCP or
the proteasome. Moreover, we observe the persistence of nas-
cent peptide chains associated with mRNAs, directly demon-
strating the persistence of elongating ribosomes associated with
mRNAs when VCP or the proteasome is inhibited. This study
demonstrates that ribosomes stall on mRNAs during translation
in at least some acute stress conditions and are released, at least
in part, by a noncanonical saRQC for partitioning into SGs.
The saRQC differs from canonical RQC in two manners. First,
when VCP or the proteasome is inhibited during arsenite
treatment, we observed the persistence of nascent peptide
chains associated with mRNAs, suggesting the continued pres-
ence of an 80S subunit on the mRNA. This is distinct from the
current model of RQC wherein 80S ribosomes are split before

cell) or 5 um (magnified panels). Bottom: The average percent AHNAK mRNA
in SGs + SEM is shown with individual points representing a single frame.
Student’s t test was done to evaluate significance between siNS and siLTN1
or siNEMF conditions and between siRNA treatments or siRNA + Puro
treatments, with *, P < 0.05; **, P < 0.01; and ****, P < 0.001. Exact P values
and source data are provided in Table S1.
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Figure 5. Treatment of cells depleted of LTN1 or NEMF with VCP or proteasome inhibitors does not further deplete AHNAK mRNAs from SGs during
arsenite stress. U-2 OS cells expressing the SG marker G3BP1-GFP were depleted of LTN1 (siLTN1) or NEMF (siNEMF) using siRNAs or transfected with
nonspecific control siRNAs (siNS). Cells were stressed with 0.5 mM arsenite (As) for 45 min with 0.1% DMSO (As + DMSO), 10 uM MG132 (As + MG132), 10 uM
MG132 with 10 pg/ml puromycin (As + MG132 + Puro), 10 uM DBeQ (As + DBeQ), or 10 uM DBeQ with 10 pg/ml Puro (As + DBeQ + Puro), fixed, and smFISH for
AHNAK mRNA was performed. Samples were imaged at 100x on a DeltaVision microscope. Representative image maximum intensity projections of 25 z-stacks
are presented (top), with scale bars representing 10 um (whole cells) or 2 um (magnified panels), with G3BP1-GFP in green, AHNAK mRNAs in white, and nuclei
in blue. The percent AHNAK mRNAs that colocalized with SGs was determined in individual cells, and the average + SEM is shown (bottom) from two in-
dependent experiments. For siNS, As + DMSO n = 12 cells, As + MG132 n = 13 cells, As + MG132 + Puro n = 12 cells, As + DBeQ n = 12 cells, As + DBeQ + Puron =
12 cells; for siLTNL, n = 12 cells for all conditions; for sSINEMF, n = 12 cells for all conditions. Student’s t tests were done to assess significance, with *, P < 0.05;
**, P < 0.0; and ****, P < 0.001. Exact P values and source data are provided in Table S1.
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Figure 6. A canonical RQC substrate reporter mRNA does not depend on VCP activity for localization to SGs. Reporter mRNAs encoding eGFP and RFP
separated by a linker region that encodes 20 lysine residues in a 60-nt poly(A) tract (Kyo), or no lysines (Ko; from Juszkiewicz and Hegde, 2017) were expressed
in U-2 OS cells. Cells were stressed for 45 min with 0.5 mM arsenite (As) in the absence or presence of 0.1% DMSO (As + DMS0), 10 uM DBeQ (As + DBeQ), or
10 uM DBeQ and 10 pg/ml puromycin (As + DBeQ + Puro). Cells were fixed and G3BP detected by IMF staining (blue) to mark SGs. The reporter mRNA was
detected by smFISH using probes against the eGFP ORF (white); eGFP is shown in green and RFP in red. Cells expressing eGFP were imaged at 100x using a
DeltaVision microscope, and maximum intensity projections of 25 z-stacks are shown. (A) Left: Diagram of reporter mRNAs. Right: Quantification of the relative
eGFP and RFP intensities in individual cells (shown as dots) was performed from cells treated with As, with the average + SEM reported from two independent
experiments (Ko n = 12 cells; Kyo n = 9 cells). (B) Representative images are shown at left with average + SEM of the percent eGFP mRNA that colocalized with
SGs shown at right from two independent experiments. Scale bars, 10 um (whole cell) or 5 um (magnified panels). Individual points represent a single frame
with one to five cells counted per frame. For Ko, As n = 12 frames; As + DMSO n = 8 frames; As + DBeQ n = 8 frames; As + DBeQ + Puro n = 12 frames; for Ky, As
n =9 frames; As + DMSO n = 10 frames; As + DBeQ n = 9 frames; As + DBeQ + Puro n = 10 frames. Student’s t test was done to assess significance, with *, P <
0.05 and **, P < 0.01. Exact P values and source data are provided in Table S1.

nascent peptide release and decay from the 60S subunit, with
the mRNA undergoing endonucleolytic cleavage (Brandman and
Hegde, 2016; Joazeiro, 2017; Shao et al., 2015). However, prior
studies demonstrated that depletion of ltnl or cdc48 causes nas-
cent polypeptide chains encoded by mRNAs lacking stop codons
to accumulate in 80S ribosome fractions, which suggests in
certain contexts LTN1 and VCP can interact with intact ribo-
somes (Bengtson and Joazeiro, 2010; Verma et al., 2013). Second,
saRQC and RQC act on different mRNA substrates since a tra-
ditional RQC substrate with a poly(A) tract in the coding region

Moon et al.
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was not altered in its SG partitioning by VCP inhibition, while a
control reporter mRNA without a ribosome stall site was af-
fected. This observation is consistent with the interpretation
that ribosome splitting and endonucleolytic cleavage of mRNAs
with strong stall sites occur before VCP activity on the nascent
polypeptide chain and 60S ribosome (Shao et al., 2013, 2015;
Verma et al., 2013). In sum, these experiments demonstrate the
saRQC shares components of the canonical RQC pathway but
diverges in molecular mechanism, mRNA substrates, and
mRNA fate.

Journal of Cell Biology
https://doi.org/10.1083/jcb.202004120

9of 17


https://doi.org/10.1083/jcb.202004120

wto
€
(‘cQ

*
VCP(WT)- VCP(A232E)- VCP(R155H)- 7] *
None,As  eGFP.As oGrp,As  eGFP,As  eGFP,As 31007 [
< 5 " on 5 o \
<
§ : j& 2 601
T - | L S 40
< ~ T B
BN R W 5 2]
: )
Merge RNA SGs Merge RNA SGs Merge RNA SGs Merge RNA SGs Merge RNA SGs o 0
- B S
S & & &
T IE
£ &
¢ &
RN
VCP(WT)- VCP(A232E)- VCP(R155H)- W
None,As  eGFP,As  .GFP,As  eGFP,As  eGFP,As @ 100 -
: 3 RO . c -
Q 5 80 1%
= B
g S e [{[
2
g £ 401
5 @
B N S 20 - :
Merge RNA SGs Merge RNA SGs Merge RNA SGs Merge RNA SGs Merge RN SGs o 0
T T \I \l \I
2 LEYSF
R S
$&§
O O
S N

Figure 7. Pathogenic VCP alleles increase recruitment of AHNAK mRNAs, but not NORAD IncRNAs, to SGs. U-2 OS cells stably expressing the SG marker
mRuby2-G3BP1 were either untransfected (None) or transiently transfected with empty vector peGFP-N1 (eGFP), WT VCP fused to eGFP (VCP(WT)-eGFP), or
VCP alleles (VCP(A232E)-eGFP and VCP(R155H)-eGFP). Cells were stressed for 45 min with 0.5 mM arsenite (As) and then fixed, and smFISH was performed to
detect AHNAK mRNA (top) or NORAD [ncRNA (bottom). Representative photomicrographs for are shown at left, with RNAs shown in white, SGs in red, and
eGFP in green. Images were acquired on a DeltaVision microscope at 100x, and maximum intensity projections of 25 z-stacks are shown. Scale bars, 10 um
(whole cell) or 5 pm (magnified panels). At right, average percent AHNAK mRNA or NORAD IncRNA + SEM that colocalize with SGs. Three independent ex-
periments were done with individual dots representing one frame, and only cells expressing eGFP were counted for all transfected conditions. For AHNAK,
None n = 11 frames, GFP n = 12 frames, VCP(WT) n = 11 frames, VCP(A232E) n = 12 frames, VCP(R155H) n = 13 frames; for NORAD, None n = 8 frames, GFP n = 10
frames, VCP(WT) n = 10 frames, VCP(A232E) n = 9 frames, VCP(R155H) n = 9 frames. Student’s t test was done to assess significance between GFP and

VCP(WT), VCP(A232E), or VCP(R155H) for AHNAK and NORAD, with *, P < 0.05. Exact P values and source data are provided in Table S1.

An interesting question is the nature of the perturbation that
leads to delays in translation elongation during arsenite or heat
stress in mammalian cells. One possibility, based on ribosomal
profiling during heat stress or proteotoxic stress, is that defects
in the folding of the nascent protein trigger a feedback inhibition
of translation elongation (Liu et al., 2013; Shalgi et al., 2013).
Ribosomes could stall due to aberrant cotranslational protein
processing, such as that observed in cases of ZNF598 (Hel2)-
dependent ribosome stalling where aberrant nascent proteins
limit translation elongation by blocking incoming aminoacyl-
tRNAs (Chandrasekaran et al., 2019).

Importantly, the saRQC would likely be distinct from ribo-
some stalling at internal poly(A) tracts, which triggers RQC in a
ZNF598 (Hel2)-dependent mechanism (Juszkiewicz and Hegde,
2017; Sundaramoorthy et al., 2017; Matsuo et al., 2017) for two
reasons. First, we observe the saRQC under conditions where
translation initiation is globally suppressed, which would limit
the likelihood of ribosome collisions, and limits ZNF598-mediated
RQC (Juszkiewicz et al., 2018). Second, mRNAs targeted by the
ZNF598-mediated RQC pathway undergo endonucleolytic cleav-
age and are rapidly degraded in the no-go decay pathway (Doma

Moon et al.
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and Parker, 2006; D'Orazio et al., 2019; Simms et al., 2017). Be-
cause mRNAs released from translation are partitioned into SGs
during acute stress, the saRQC pathway appears to be distinct
from the ZNF598-mediated RQC pathway.

A second possibility, since chemical damage to mRNAs such
as oxidation can cause elongation pauses (Simms et al., 2014;
Yan et al., 2019), is that damage to the mRNA causes elongation
arrest and triggers a requirement for the RQC complex to allow
ribosome release. Interestingly, work in yeast has shown that
translation elongation can be inhibited during oxidative stress
induced by hydrogen peroxide (Gerashchenko et al., 2012; Wu
et al., 2019). We suggest the possibility that translation elonga-
tion may be altered in numerous stress conditions but would
generally not be observed in WT or untreated cells due to the
action of the RQC machinery.

We suggest two possible, potentially overlapping, mecha-
nisms that could explain how VCP, the proteasome, and RQC
factors might affect 80S ribosome release and/or mRNA re-
cruitment to SGs. In the first model, these factors would have
previously unrecognized roles in releasing a stalled 80S subunit
from mRNAs. For example, VCP, perhaps in a complex with the
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proteasome (Isakov and Stanhill, 2011), might be involved in
extracting ubiquinated eS10 from stalled ribosomes (Juszkiewicz
and Hegde, 2017), thereby promoting ribosome release from
mRNAs. In the simplest sense, this model would require LTN1
and NEMTF to have new roles since they are currently thought to
only interact with the 60S subunit after 80S splitting and release
from the mRNA (Brandman and Hegde, 2016; Joazeiro, 2017;
Shao et al., 2015). While this requires new roles, we note that
often proteins have multiple related functions. For example, the
Ski2-Ski3-Ski8 complex was recently shown to be able to ex-
tract and degrade mRNAs associated with stalled 80S subunits
without disruption of the 80S complex (Zinoviev et al., 2020;
Schmidt et al., 2016).

An alternative model is that the observed effects on mRNA
release from 80S ribosomes are due to a titration of RQC com-
ponents during a stress response, perhaps because of a large
number of stalled 80S subunits. For example, components re-
quired for 80S release, such as Hbsl and Dom34/Pelota (Pisareva
et al,, 2011; Guydosh and Green, 2014; Shoemaker et al., 2010),
might become limiting due to their sequestration in inter-
mediates of the RQC pathway, thus creating a negative feedback
loop that limits 80S subunit release from mRNA. However, since
these ribosome rescue factors are thought to be released from
the ribosome during ribosome dissociation, it is unclear how
such a mechanism would occur. This feedback mechanism
would also fail to explain why the saRQC mechanism appears to
affect “normal” mRNAs and not an RQC substrate with an in-
ternal poly(A) tract. Defining the molecular mechanism of the
saRQC pathway will be an important goal of future work.

Another important insight of this work is the demonstration
that RQC components and VCP can affect mRNA accumulation in
SGs. This would be in addition to other roles of VCP affecting SG
clearance and/or disassembly (Buchan et al., 2013; Seguin et al.,
2014; Rodriguez-Ortiz et al., 2016; Turakhiya et al., 2018; Wang
et al., 2019). One implication of these results is that SGs could
serve as storage depots for mRNAs that are modified in response
to stress and undergo processing by the saRQC. A second im-
plication is that defects in saRQC factors might contribute to
degenerative disease states through perturbed release of mRNAs
from stalled ribosomes to enable a rapid, reversible response to
cellular stress. We propose that in addition to VCP playing a
potential role in mediating SG disassembly via granulophagy
(Buchan et al., 2013) and/or proteasome-mediated degradation
of SG components (Turakhiya et al., 2018), altered RNA re-
cruitment to SGs upon VCP dysfunction could also contribute to
SG dysregulation.

An additional implication of this work is that defects in the
removal of mRNAs from stalled elongation complexes could
contribute to degenerative disease. Several recent studies sup-
port the notion that aberrant translation elongation or termi-
nation can contribute to pathogenesis (reviewed in Kapur et al.,
2017). Furthermore, aberrant cellular responses to stress, such
as a chronic stress response, are implicated in a wide range of
neurological disorders (Kapur et al., 2017; Moon et al., 2018;
Tahmasebi et al., 2018). The results of this study suggest that
one detrimental consequence of pathogenic alleles of VCP would
be increased mRNA targeting to SGs, which could alter SG
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properties and the cellular response to stress. Pathogenic VCP
alleles cause inclusion body myopathies, Paget’s disease of the
bone, Charcot-Marie-Tooth type 2 disease, amyotrophic lateral
sclerosis, and frontotemporal dementia (de Bot et al., 2012;
Gonzalez et al., 2014; Haubenberger et al., 2005; Johnson et al.,
2010; Watts et al., 2004), and genetic perturbation of LTNI is
associated with an amyotrophic lateral sclerosis-like phenotype
in mice (Chu et al., 2009). Because these disorders are associated
with a wide degree of phenotypic variability, it is possible that a
defect in rapid mRNA recruitment to SGs promoted by the
saRQC, and later disassembly of SG, could contribute to unique
yet related disease states partially dependent on environmental
factors or contexts. Future studies will aim to determine the
consequences of aberrant VCP function in the saRQC pathway
on SG properties and function.

Materials and methods

Cell culture and treatment conditions

U-2 OS and Hela cells were grown in DMEM with 10% FBS and
1% streptomycin/penicillin at 37°C under 5% CO,. U-2 OS cells
stably expressing EGFP-G3BP1 and mRFP-DCPla were a kind gift
of Dr. N. Kedersha (Division of Rheumatology, Inflammation,
and Immunity, Brigham and Women’s Hospital and Harvard
Medical School, Boston, MA; Kedersha et al., 2008) and were
selected by flow cytometry in the BioFrontiers Institute Flow
Cytometry Core facility. U-2 OS cells stably expressing mRuby2-
G3BP1 (described below) were created by G418 selection and
clonal expansion after plasmid transfection. Hela cells with
endogenously tagged SunTagX56-POLR2A and SunTagX32-
DYNCIHI genes stably expressing scFv-sfGFP were a generous
gift of Drs. X. Pichon and E. Bertrand (Institut de Génétique
Moléculaire de Montpellier and Equipe labélisée Ligue Nationale
Contre le Cancer, University of Montpellier, CNRS, Montpellier,
France; Pichon et al.,, 2016). Cells were authenticated by mor-
phological assessment and/or short tandem repeat profiling
(ATCC) and periodically confirmed negative for mycoplasma by
DAPI staining. Arsenite stress was done using 0.5 mM sodium
arsenite, and samples were collected at 45 min after stress unless
otherwise indicated. For stress experiments, cells were treated
with arsenite alone, DTT (2 mM), or heat stress (42°C in L-15 Lei-
bovitz medium in a CO,-free environment) and cotreated with DMSO
(0.1%; Sigma-Aldrich), MG132 (10 uM in DMSO; Sigma-Aldrich),
DBeQ (10 pM in DMSO; Thermo Fisher Scientific), CB-5083 (10 .M
in DMSO; Cayman Chemical), or bortezomib (10 .M in DMSO; VWR)
with or without puromycin (10 pug/ml; Sigma Aldrich).

Generation of the mRuby2-G3BP1 plasmid

The mRuby2-G3BP1 plasmid was generated by insertion of
codon-optimized mRuby2 lacking a stop codon into pEGFP-CI-
G3BP1 plasmid (a gift of N. Kedersha) to replace the EGFP coding
sequence. A gBlock (shown below; Integrated DNA Technolo-
gies) was designed containing the mRuby2 sequence with 40-nt
annealing arms to the pEGFP-C1 G3BP1 plasmid cut with BglII
and Agel to remove the EGFP coding sequence. mRuby2 was
inserted using the HiFi DNA Assembly reagent (New England
Biolabs).
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mRuby2 gBlock sequence
5'-GCAGAGCTGGTTTAGTGAACCGTCAGATCCGCTAGCGCT
ACCGGTCGCCACCATGGTAAGCAAAGGCGAAGAACTGATTAA
GGAAAACATGCGAATGAAGGTCGTAATGGAGGGCTCAGTCAA
TGGTCACCAGTTTAAGTGCACAGGTGAAGGTGAAGGTAGACC
ATACGAGGGGACACAGACCATGAGGATCAAGGTCATTGAGGG
TGGCCCACTCCCATTCGCATTTGATATATTGGCGACCAGCTT
TATGTACGGCTCCAGAACGTTTATTAAATATCCCGCCGATAT
TCCCGATTTTTTTAAGCAATCATTCCCAGAGGGATTTACTTG
GGAAAGAGTCACAAGATATGAAGATGGCGGTGTCGTCACGGT
TACCCAGGACACAAGTCTCGAAGATGGCGAGTTGGTTTACAA
CGTTAAAGTGCGGGGCGTAAATTTTCCTTCAAATGGTCCAGT
GATGCAAAAGAAGACTAAAGGCTGGGAACCGAATACCGAGAT
GATGTACCCGGCAGACGGGGGACTGCGAGGTTACACCGA
TATTGCGTTGAAGGTAGATGGTGGTGGACATTTGCATTGCAA
CTTTGTGACCACGTATCGCAGCAAAAAGACGGTCGGAAATAT
AAAAATGCCTGGCGTCCACGCAGTGGACCACCGCCTCGAGCG
AATTGAGGAGTCTGACAATGAAACGTATGTGGTGCAGCGCGA
AGTAGCAGTGGCTAAATATTCCAATCTCGGGGGGGGAATGGA
CGAGTTGTATAAATCCGGACTCAGATCTATGGTGATGGAGAA
GCCTAGTCCCCTGCTGGTCGG-3'.

Nascent chain tracking

Nascent chain tracking was performed as previously described
(Moon et al., 2019) using a reporter mRNA encoding the human
KDMS5B ORF with 10x FLAG tags at the N terminus and 24x MS2
stem loops inserted in the 3’ untranslated region to create the
spaghetti monster (SM) KDMS5B reporter (Morisaki et al., 2016).
Purified recombinant MS2 coat protein fused with Halo and
anti-FLAG antibody fragments labeled with Cy3 or Alexa Fluor
488 were bead loaded with the reporter plasmid into U-2 OS
cells stably expressing GFP-G3BP1 or mRuby2-G3BP1 to mark
SGs. Two hours later, cells were incubated with the far-red Halo
ligand JF646 for 30 min and washed thrice before imaging. Cells
were imaged in complete maintenance medium lacking phenol
red in a humidified chamber at 37°C under 5% CO, using a
custom-built semi-TIRF microscope with two electron multi-
plying charge-coupled device cameras (iXon Ultra 888, Andor)
with a 60x (NA 1.49) Olympus oil immersion objective (Morisaki
et al., 2016). Cells were imaged first in the red channel, and then
GFP and far-red channels were imaged simultaneously. The
entire cell volume was imaged with 13 z-stacks with a step size of
500 nm on a piezoelectric stage. Images were captured before
stress and then were imaged every 2 s for 10 min starting
~15-75 min after arsenite addition (to 0.5 mM) when SGs were
visible as described in Moon et al. (2019). For all drug treatment
experiments, drugs resuspended in DMSO (10 M DBeQ, 10 pM
MGI132), 0.1% DMSO, or puromycin were added at the same time
as arsenite, except for those cells treated with DBeQ or
MG132 alone.

The percentage of mRNAs associated with nascent peptides
was quantified in a single frame of maximum intensity projec-
tions from time-lapse images obtained before and after stress
using the Cell Counter plugin in Image]. The percent mRNAs
associated with nascent peptides before stress in each cell was
set to 100%, and the relative percent mRNAs associated with
nascent peptides after stress is presented in Fig. 1, with the
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number of cells and mRNAs analyzed and percent mRNAs as-
sociated with nascent peptides in each cell reported in Table S1.
One-tailed t tests were done to assess significance between the
percent mRNAs associated with nascent peptides in cells before
and after stress and between cells treated with arsenite + DMSO
and arsenite + DBeQ or arsenite + MG132, with exact P values
provided in Table S1. The times after stress when cells were
imaged are reported in Table S1.

The duration of mRNA-SG interactions was quantified as
previously described using previously published (Moon et al.,
2019) custom Mathematica (version 11.2.0.0) code (accessible on
GitHub at https://raw.githubusercontent.com/TatsuyaMorisaki/
Translation-Stress/master/Translation-Stress.nb). The mean =
SEM binding-time survival probability of individual mRNAs
associated with nascent peptides with SGs is shown in Fig. 1.

For HT chase experiments, U-2 OS cells harboring GFP-G3BP1
or mRuby2-G3BP1 were bead loaded as described above and
stressed with arsenite in the presence or absence of DBeQ (10
uM); 15 min later, HT (3 pug/ml; Cayman Chemical) was added.
Cells were imaged as described above every 10 min beginning
immediately before HT addition for up to 55 min after stress.
The number of mRNAs associated with nascent peptides in each
frame from maximum intensity projections was quantified in
Image] using the Cell Counter plugin from two independent
experiments with n = 13 cells (unstressed + HT) and n = 17 cells
(arsenite + DBeQ + HT) analyzed. Student’s t test (one tailed) was
done to assess significance between the percent mRNAs asso-
ciated with nascent peptides in unstressed cells treated with HT
versus cells stressed with arsenite + DBeQ + HT at each time
point. Exact P values are reported in Table S1. The average +
SEM of the percent mRNAs translating at each time point is
shown in bold colors (blue and black), with data from individual
cells shown in light blue and gray in Fig. 1.

Live cell imaging of SunTag reporter transcripts was per-
formed using Hela cells harboring endogenously tagged
SunTagX32-DYNCIH1 (DYNCIHI-SunTag) and SunTagX56-
POLR2A, (POLR2A-SunTag) genes that were stably expressing
scFv-sfGFP (Pichon et al., 2016). Cells were imaged every 10 min
for 1h in a humidified, 37°C Oko Labs chamber on a Nikon Ti-E
spinning disc confocal microscope with a 40x/0.95-NA air ob-
jective (488 nm, excitation laser; emission filter, 525/50 nm) and
an Andor 888 Ultra electron multiplying charge-coupled device
camera and Nikon Elements software following treatment with
0.5 mM arsenite either cotreated with 0.1% DMSO or 10 pM
DBeQ. The number of SunTag foci in each frame was determined
using the Image] Cell Counter plugin, and Student’s t test was
done to assess significance between arsenite + DMSO and
arsenite + DBeQ conditions. Source data are provided in Table S1.

Immunofluorescence (IMF) microscopy and smFISH

To determine protein localization (RPL19, RPL29, VCP, LTNI,
NEMEF, and G3BP) in U-2 OS cells, and VCP and poly(A)-binding
protein localization in HeLa cells, cells were stressed and treated
as indicated, rinsed with PBS, and then fixed with 4% PFA for
10 min. Cells were washed with PBS and then permeabilized
with Triton X-100 (0.5%) for 5 min. Cells were washed with PBS
for 5 min and then blocked in 3% BSA at 4°C overnight or at
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room temperature for 1 h. Cells were washed thrice with PBS
and incubated with primary antibody (Table S2) in 3% BSA in
PBS at 4°C overnight or at room temperature for 1 h. Cells were
washed thrice with PBS and then incubated with secondary
antibodies (Table S2) in 3% BSA in PBS for 1 h at room tem-
perature and then washed thrice with PBS. Coverslips were
mounted using VECTASHIELD antifade mounting medium with
DAPI to visualize nuclei.

smFISH was performed as described in Khong et al. (2017)
using protocols adapted from Stellaris, Khong and Parker (2018),
Gaspar et al. (2017), and Dunagin et al. (2015). Following stresses
and treatments, U-2 OS cells plated on coverslips were rinsed
with PBS and then fixed with 10% formaldehyde or 4% PFA in
PBS for 10 min, washed twice with PBS, and then incubated
under 70% ethanol for 21 h at 4°C. Cells were incubated in Wash
Buffer A (10% formamide in nuclease-free 2x SSC) for 5 min and
hybridized with probes to AHNAK, PEG3, TFRC, or NORAD gen-
erated by Biosearch Technologies labeled in far-red (Quasar 670)
or red (Quasar 570) or to HSPAIA, HSPAIB, SCN8A, or EGRI (oli-
gonucleotide sequences listed in Table S3) generated as in
Gaspar et al. (2017), or the 5" end of DYNCIHI from Khong and
Parker (2018) in hybridization buffer (10% dextran sulfate [wt/
vol] in 10% formamide in 2x SSC; Dunagin et al., 2015) for 16 h at
37°C in humidified chambers. Cells were washed with Wash
Buffer A for 30 min at 37°C twice and then with nuclease-free 2.x
SSC for 5 min. Coverslips were mounted onto slides with VEC-
TASHIELD antifade mounting medium with or without DAPI,
stored at 4°C overnight, and imaged as described below.

For consecutive IMF-smFISH, cells were treated and stressed
as indicated and then fixed with 4% PFA for 10 min. Cells were
rinsed with PBS twice and then permeabilized with Triton X-100
(0.1%) and Ribolock RNase inhibitor for 5 min. Cells were rinsed
with PBS and incubated with mouse anti-G3BP1 (1:200, ab56574;
Abcam) in PBS with Ribolock RNase inhibitor for 1 h at room
temperature in a humidified chamber. Cells were washed thrice
with PBS and then incubated with goat anti-mouse Alexa Fluor
405 (1:200, A-31553; Thermo Fisher Scientific) and Ribolock
RNase inhibitor for SG detection for 1h at room temperature ina
humidified chamber. Cells were washed thrice with PBS and
then fixed with PFA for 10 min. Cells were rinsed with PBS, and
then the smFISH protocol described above was performed for
mRNA detection. In general, SGs were detected via expression of
fusion proteins GFP-G3BP1 or mRuby2-G3BP], or via IMF de-
tection of G3BP as indicated.

Image acquisition and analysis of smFISH and IMF samples

Image acquisition was performed using a DeltaVision Elite wi-
defield microscope with a 100x, 1.40-NA Olympus UPlanSApo
oil immersion objective and PCO Edge sCMOS camera at room
temperature. At least 25 z-stacks were acquired (200-nm step
sizes), and two to three frames were captured per sample in each
experiment. Images were acquired and deconvolved with soft-
WoRx 6.5.2, and maximum intensity projections were created in
Image]/Fiji (Schindelin et al., 2012). For smFISH experiments,
the total number of individual smFISH foci in the cytoplasm per
cell and the number of smFISH foci that colocalized with SGs
were quantified using the Image]/Fiji (Schindelin et al., 2012)
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Cell Counter plugin. The percent RNA in SGs was calculated for
each cell or frame from two to three frames per replicate, and
the average + SEM from two to three independent experimental
replicates is presented. Student’s t test (one tailed) was done to
assess significance, with *, P < 0.05, **, P < 0.01, **, P < 0.005,
and ****, P < 0.001 for all experiments. Exact P values are re-
ported in Table S1 for all experiments. SG areas were quantified
in maximum intensity projections using Image]J/Fiji (Schindelin
et al., 2012) from two independent experimental replicates (two
frames per condition) in cells stressed with arsenite and probed
for AHNAK mRNA and oligo(dT), and SGs were defined as having
areas of 0.2 to >2 pm? and reported (45 min after arsenite ad-
dition). The number of SGs per cell was quantified using the Cell
Counter plugin in Image]/Fiji from cells stained for AHNAK and
NORAD RNAs during arsenite stress (Fig. 2 A), heat stress, or
DTT stress (Fig. 3 B) and AHNAK for transfected cells (Fig. 7). All
source data are provided in Table SI.

siRNA-mediated depletion of LTN1 or NEMF

To deplete LTN1 or NEMF, 10 nM siRNA SMARTpools (Dhar-
macon) siGENOME Human LTN1 (26046, 5'-GCAGUGGUGUGA
AGAAUUA-3’, 5'-GAGAGUACCUUCCUUACAUU-3’, 5'-GCACUU
ACCUCACCCAUCA-3’, 5'-CAAACUUCCUGCAAGAUUA-3'), si-
GENOME Human NEMF (9147, 5'-GGGAAGAGACAUUAAAUUA-
3’,5'-GAAGAAGACCGUGAACUUA-3’, 5'-GGACGAACCUGUGAA
GAAA-3’, 5’-GCACAAUGGCACUUUGCUA-3’), or nonspecific
siGENOME nontargeting siRNA (pool #2, Dharmacon, 5'-UAA
GGCUAUGAAGAGAUAC-3', 5'-AUGUAUUGGCCUGUAUUAG-3’,
5'-AUGAACGUGAAUUGCUCAA-3', 5'-UGGUUUACAUGUCGA
CUAA-3') was transfected into U-2 OS cells with INTERFERin
Polyplus Reagent (VWR) according to the manufacturer’s pro-
tocol. 3 d later, cells were either collected for RT-quantitative
PCR (qPCR; described below) or were unstressed or stressed
(0.5 mM arsenite), in the presence or absence of DMSO (0.1%),
DBeQ (10 uM), or MG132 (10 uM), in the presence or absence of
puromycin (10 pg/pl) for 45 min and fixed for smFISH-IMF. SGs
were detected by G3BP staining, and AHNAK mRNA localization
was assessed as described above. Source data are provided in
Table S1.

Transient VCP-EGFP transfections and treatments

U-2 OS cells stably expressing mRuby2-G3BP1 were plated on
coverslips and untransfected or transiently transfected using
Lipofectamine LTX with Plus reagent (Invitrogen) with
peGFP-N1 (empty vector), VCP(WT)-EGFP, VCP(A232E)-EGFP,
or VCP(R155H)-EGFP (gifts from Nico Dantuma, Addgene nos.
23971, 23973, and 23972; Tresse et al., 2010). Cells were treated
with 0.5 mM sodium arsenite in normal growth medium for
45 min at 24 h after transfection. Cells were fixed and smFISH
performed to detect AHNAK or NORAD RNAs as described above.
Results are from three independent experiments. Student’s t test
(one tailed) was done to assess significance between the percent
AHNAK or NORAD RNAs in SGs in cells expressing EGFP alone
versus VCP(WT)-EGFP, VCP(A232E)-EGFP, or VCP(RI55H)-
EGFP, with exact P values reported in Table S1. The frequency of
observing SGs with an area of 0.2 to >2 um? in the transfected
cells analyzed for AHNAK localization described above was
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obtained using ImageJ/Fiji using maximum intensity projections
(histograms represent the relative frequency of each indicated
SG size), and the average number of SGs per cell was derived
using the Cell Counter plugin as described above. Source data are
provided in Table S1.

Metabolic labeling of nascent proteins

Nascent proteins in U-2 OS cells expressing GFP-G3BP1 were
labeled with 3°S-Met and 3°S-Cys (EXPRE35S35S Protein La-
beling Mix; Perkin Elmer) for 30 min in the presence of DMSO
(0.1%), DBeQ (10 uM), or MG132 (10 uM) following a 30-min
incubation in labeling medium with 10% dialyzed FBS and 1%
streptomycin/penicillin. Cells were lysed in NP-40 buffer
(50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.5% NP-40 substitute,
and 5 mM EDTA) with protease inhibitor cocktail (Sigma-
Aldrich), and equal volumes were run on 4-12% NuPAGE protein
gels (Thermo Fisher Scientific). Gels were exposed to phosphor
screens and imaged on a Typhoon FLA 9500 phosphorimager.
Image]/Fiji (Schindelin et al., 2012) was used to quantify the
signal intensity in each lane. A representative image and the
average relative nascent protein abundance +SEM are shown
from two independent experiments. Student’s t test (one tailed)
was done to assess significance between untreated and treated
samples, with ***, P < 0.005, and exact P values are reported in
Table SI. Stressed cells (0.5 mM sodium arsenite) in the pres-
ence or absence of DMSO (0.1%), DBeQ (10 uM), or MG132 (10
uM) were pulse labeled for 15 min starting at O and 15 min after
stress. The nascent protein abundance in each sample relative to
an unstressed, untreated control was determined, and individual
measurements and the average + SEM from n = three indepen-
dent experiments are reported, with exact values reported in
Table S1.

Polysome profiles

U-2 OS cells stably expressing GFP-G3BP1 were stressed with
0.5 mM sodium arsenite or unstressed in the presence or ab-
sence of DMSO (0.1%), DBeQ (10 M), or MG132 (10 wM) for
30 min. Translation inhibitors (e.g., cycloheximide) were not
used. Cells were scraped into cold PBS with protease inhibitors
and RiboLock RNase inhibitors, pelleted, and frozen at -80°C.
Cells were resuspended in lysis buffer (500 uM Tris, pH 7.5,
250 uM MgCl,, 150 uM KCl, 1 mM DTT, cOmplete ULTRA mini
EDTA-free protease inhibitor cocktail [Sigma-Aldrich], Ribo-
Lock RNase inhibitor, and diethylpyrocarbonate-treated water)
and vortexed. Triton X-100 (to 0.5%) and sodium deoxycholate
(to 0.5%) were added, and lysates were passed through a 25G
needle 10 times. Lysates were clarified by brief centrifugation,
and total RNA was measured by A,4, to load equal RNA amounts
for each sample onto 15-50% sucrose gradients (15-50% sucrose
in 20 mM Hepes, pH 7.6, 100 mM KCl, 5 mM MgCl,, and 1 mM
DTT). Samples were ultracentrifuged at 36,000 rpm for 2 h.
Gradients were fractionated and A, detected using a Teledyne
ISCO system. The ratio of RNA in polysome and monosome
fractions was determined by measuring the area under the
polysome and monosome curves using Image]/Fiji. Two inde-
pendent experiments were performed and results from one
representative experiment are presented.
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RQC substrate analysis

Two constructs encoding EGFP upstream of RFP separated by a
linker region encoding two P2A sites and either no lysines (Ko)
or 20 lysines (Kyo) encoded by poly(A) tracts described in
Juszkiewicz and Hegde (2017), called pmGFP-P2A-KO-P2A-RFP
and pmGFP-P2A-KAAA20-P2A-RFP, were a gift from Ram-
anujan Hegde (Addgene plasmids no. 105686 and no. 105688;
http://n2t.net/addgene:105686 and http://n2t.net/addgene:
105688; RRID:Addgene_105686 and RRID:Addgene_105688).
Plasmids were electroporated (BTX Harvard Apparatus Gemini
System) into U-2 OS cells and 18-24 h later, cells were unstressed
or stressed (0.5 mM arsenite) in the presence or absence of DMSO
(0.1%), DBeQ (10 p-M), or DBeQ (10 M) plus puromycin (10 pg/ul =1)
for 45 min. Cells were fixed, and IMF staining was performed to
detect SGs using mouse anti-G3BP (Table S2) and goat anti-mouse
405 (Table S2). SmFISH was performed to detect reporter mRNAs
using custom-made DNA probes (Integrated DNA Technologies)
against EGFP designed using the LGC Biosearch Technologies Stellaris
Designer (Table S3). Probes were labeled via Terminal Deoxy-
nucleotidyl Transferase (Thermo Fisher Scientific) with ddUTP-
ATTO-633 (far-red) and then purified by phenol-chloroform
isoamyl alcohol extraction and ethanol precipitation and re-
suspended to ~12.5 M for hybridizations (1:100). Those cells
expressing EGFP were imaged, and the percent EGFP mRNA in SGs
was calculated as described above from two independent replicates.
The number of cells and mRNAs analyzed is reported in Table S1.
Student’s t test (one tailed) was done to determine significance (¥, P
< 0.05and **, P < 0.01), and exact P values are reported in Table S1.

RT-qPCR
To determine the percent knockdown of LTN1 and NEMF, cells
were transfected with siRNAs as described above, and total RNA
was extracted using TRIzol Reagent according to the manu-
facturer’s instructions at 72 h after transfection. cDNA was
generated using 1 pg of total RNA and random hexamers with
SuperScript III reverse transcription, and qPCR was performed
with iQ Supermix (Bio-Rad) using a CFX96 Real-Time Ther-
mocycler (Bio-Rad) with GAPDH as a reference gene. GAPDH
primers were previously described (Moon et al., 2012; GAPDH
forward [Fw]: 5-TCTTTTGCGTCGCCAGCCGA-3'; GAPDH re-
verse [Rv]: 5'-ACCAGGCGCCCAATACGACC-3'), LTNI primers
(efficiency of 91.6%) that recognized both isoforms were used
(LTN1 Fw: 5'-AGCAACCTGAAGCCATAGCA-3’; LTNI Rv: 5'-CTC
TGGAACAGTTTGCGGGT-3'), and NEMF primers (efficiency of
87.7%) that recognized both isoforms were used (NEMF Fw: 5'-
GGTGGACGAGATCAGCAACA-3’; NEMF Rv: 5'-CAGCTTCAG
TCAAGGTCCGT-3'). AACq values were calculated with the Bio-
Rad CFX Manager software, and the average abundance of LTNI
or NEMF relative to samples transfected with the nonspecific
control siRNAs + SEM are reported from n = three independent
experiments.

Code availability

Custom Mathematica (version 11.2.0.0) code previously de-
scribed in Moon et al. (2019) was deposited on GitHub and is
accessible at https://raw.githubusercontent.com/TatsuyaMorisaki/
Translation-Stress/master/Translation-Stress.nb.
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Data availability

Data supporting the findings of this study are provided in the
supplemental tables and are also available from the corre-
sponding authors upon request.

Online supplemental material

Fig. S1 shows the abundance of nascent DYNCIHI or POLR2A
proteins tagged with the SunTag system during arsenite stress
and VCP inhibition. Fig. S2 shows global translation activity by
35S-amino acid labeling and polysome profiling in cells treated
with VCP or proteasome inhibitors during arsenite stress. Fig. S3
shows oligo(dT) staining to detect polyadenylated mRNAs, SG
area, and number upon VCP or proteasome inhibition, or with
exogenous expression of pathogenic VCP alleles during stress.
Fig. S4 shows localization of stress-induced gene mRNAs HSPAIA
and HSPAIB and SGs during arsenite stress or heat stress in the
presence or absence of VCP inhibitors. Fig. S5 shows VCP, LTNI,
NEMF, and ribosomal protein subcellular localization and SGs
by IMF staining during arsenite stress. Videos 1, 2, 3, 4, and 5 are
representative time series related to Fig. 1. Table S1 contains all
source data, statistics, and the number of experimental and
technical replicates for all figures. Table S2 lists antibodies used
for nascent chain tracking and IMF microscopy. Table S3 lists
oligonucleotides used to make smFISH probes.
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Figure S1. Nascent peptides visualized with SunTags are elevated in arsenite-stressed cells upon VCP inhibition. HeLa cells with endogenously tagged
SunTagX32-DYNC1H1 (DYNCIH1-Suntag) and SunTagX56-POLR2A (POLR2A-Suntag) genes and stably expressing scFv-sfGFP (Pichon et al,, 2016) were imaged
every 10 min in a humidified, 370C chamber on a spinning disc microscope at 40x for 1 h following treatment with 0.5 mM arsenite (As), cotreated with 0.1%
DMSO or 10 uM DBeQ. A representative time series (0, 30, and 60 min after stress) is shown at left for the SunTagX32-DYNC1H1 cell line. Scale bar, 10 pm.
Shown at right is the average + SEM of the relative percent SunTag foci in each frame from n = seven independent experiments for each cell line. Student’s
t test was done to assess significance between the relative number of translating foci in DMSO- versus DBeQ-treated cells at each time point, with *, P < 0.05
and **, P < 0.01. Insets: Data were fit with exponential trendlines to calculate the time when 50% of translation foci (t;/,) were present compared with
prestress images for each replicate (DYNClHl-Suntag: As + DBeQ R% = 0.9527, As + DMSO R? = 0.9616; POLR2A-Suntag: As + DBeQ R? = 0.8405, As + DMSO
R2 = 0.8334). Student’s t test was used to assess significance, with *, P < 0.05 and **, P < 0.01. Exact P values and source data are provided in Table S1.
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Figure S2. Translation activity is globally suppressed during arsenite stress when VCP or the proteasome are inhibited. (A) U-2 OS cells were un-
stressed or stressed with 0.5 mM arsenite (As) and/or DMSO (0.1%), DBeQ (10 pM), or MG132 (10 pM) for 30 min. Cells were placed on ice and immediately
pelleted and frozen at -800C and then lysed and polysome profiles were obtained following ultracentrifugation on sucrose gradients. Shown are repre-
sentative profiles and fraction RNA in polysome:monosome (P/M) from n = two independent experiments. (B) Metabolic labeling of U-2 OS cells with 3°S-Met
and 3°S-Cys for 30 min was done in the presence or absence of 0.1% DMSO, 10 uM DBeQ, or 10 pM MG132. Cells were lysed, and proteins were run on 4-12%
gradient NuPAGE SDS-PAGE gels and exposed to phosphor screens. Total lane intensity was quantified with Image). The average relative percent translation
activity from n = two independent replicates is shown + SEM. Student’s t test was done to assess significance between untreated and treated cells, with ***,
P < 0.005. (C) U-2 OS cells were metabolically labeled with 3°S-Met and 3%S-Cys for 15 min immediately before collection following 0, 15, or 30 min under
unstressed or stressed conditions (0.5 mM As) in the presence or absence of DMSO (0.1%), DBeQ (10 uM), or MG132 (10 uM). Translation activity was
quantified relative to untreated, unstressed cells as described in B from n = three independent experiments. The average + SEM is shown for each condition
with individual replicates shown in green (As), yellow (As + DMSO), blue (As + DBeQ), and red (As + MG132). Exact P values and source data are provided in

Table S1.
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Figure S3. SGs contain polyadenylated mRNAs, and SG area and number are not substantially altered when VCP or the proteasome are inhibited, or
when pathogenic VCP alleles are expressed during arsenite stress. (A) U-2 OS cells stably expressing the SG marker protein GFP-G3BP1 (green) were
stressed for 45 min with 0.5 mM sodium arsenite (As) in the presence or absence of DMSO (0.1%), MG132 (10 pM), DBeQ (10 uM), or DBeQ (10 uM) and
puromycin (Puro; 10 ug/ml), and then FISH was performed with oligo(dT)-Cy3 probes to detect polyadenylated transcripts (red). Nuclei are stained with DAPI
(blue); these cells were also assessed for AHNAK mRNAs by smFISH (Fig. 2 A). Shown are representative maximum intensity projections of 25 z-stacks acquired
at 100x on a DeltaVision microscope. Scale bars, 10 um (whole cell) or 5 um (magnified panels). Results represent n = two independent experiments. (B and
C) Cells were treated as described in A, and the relative distribution of SG areas (B) and the number of SGs per cell (C) were determined using Image]/Fiji in the
images used to quantify the fraction of AHNAK mRNAs (B) and both AHNAK and NORAD RNAs (C) colocalized with SGs (Fig. 2 and Fig. 3). For cells expressing
VCP alleles (Fig. 7), results represent n = three independent experiments with average number of SGs per cell + SEM shown in C. Student’s t test was done to
assess significance, with *, P < 0.05 and ****, P < 0.001. Exact P values and source data are provided in Table S1.
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Figure S4. Stress-induced HSPAIA and HSPA1IB mRNAs are not dependent on VCP to localize to SGs. (A and B) U-2 OS cells stably expressing the SG
marker G3BP1-GFP were stressed for 45 min with arsenite (As; 0.5 mM; A) or heat stress (HS; 42°C; B) in the presence or absence of DMSO (0.1%), DBeQ (10
uM), or DBeQ (10 uM) plus puromycin (Puro; 10 pg/ml). Cells were fixed, and smFISH was performed to detect HSPAIA (top panels) and HSPAIB (bottom
panels), and samples were imaged at 100x on a DeltaVision microscope. Representative maximum intensity projections of 25 z-stacks are shown at left with
G3BP1-GFP in green, mRNAs in white, and nuclei in blue. Scale bars, 10 um (whole cell) and 2 um (magnified panels). The average + SEM from two independent
experiments is shown at right with individual data points shown for single cells (n = 12 cells for every condition). Student’s t test was performed to assess
significance, with **, P < 0.01; ***, P < 0.005; and ****, P < 0.001. Exact P values and the source data are provided in Table S1.
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Figure S5.  VCP, LTN1, NEMF, and ribosomal proteins Rpl19 and Rpl29 are not enriched in SGs 45 min after arsenite stress. (A) U-2 OS cells stably
transfected with the SG marker GFP-G3BP1 (green; left) or HeLa cells (right) were unstressed or stressed for 45 min with 0.5 mM sodium arsenite (As) in the
presence or absence of DBeQ (10 uM). Cells were fixed, and IMF staining was performed to detect endogenous VCP (red); SGs in HeLa cells were visualized
with anti-poly(A)-binding protein (PABP; green). Results represent n = three independent experiments. (B) U-2 OS cells expressing GFP-G3BP1 (green) were
treated as described in A, and IMF staining was done to detect Rpl29, Rpl19, LTNL, or NEMF (red). Nuclei are shown in blue (DAPI). Cells were imaged at 100x
with a DeltaVision elite microscope, and representative maximum intensity projections of 25 z-stacks are shown with 10-pm scale bars. Results represent n =
two independent experiments.
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Video 1. Representative video showing nascent chain tracking of SM-KDM5B mRNAs in U-2 OS cells treated with arsenite and DMSO, related to
Fig. 1, A and C. Nascent protein chains are shown in green, mRNAs (Halo-MS2 coat protein labeled with JF646) are shown in red, and SGs (GFP-G3BP1) are
shown in blue. Images were acquired every ~2 s for 10 min. Scale bar, 10 pm.

Video 2. Representative video showing nascent chain tracking of SM-KDM5B mRNAs in U-2 OS cells treated with arsenite and DBeQ, related to
Fig. 1, A and C. Nascent protein chains are shown in green, mRNAs (Halo-MS2 coat protein labeled with |F646) are shown in red, and SGs (GFP-G3BP1) are
shown in blue. Images were acquired every ~2 s for 10 min. Scale bar, 10 pm.

Video 3. Representative video showing nascent chain tracking of SM-KDM5B mRNAs in U-2 OS cells treated with arsenite and MG132, related to
Fig. 1, A and C. Nascent protein chains are shown in green, mRNAs (Halo-MS2 coat protein labeled with JF646) are shown in red, and SGs (GFP-G3BP1) are
shown in blue. Images were acquired every ~2 s for 10 min. Scale bar, 10 um.

Video 4. Representative video showing nascent SM-KDM5B proteins (gray) in unstressed U-2 OS cells treated with HT, related to Fig. 1 D. Frame
1 was acquired pretreatment, and then 15 min later images were obtained every 10 min up to 55 min. HT was added immediately after capturing the 15-min
image. Scale bar, 10 pm.

Video 5. Representative video showing nascent SM-KDMS5B proteins (gray) in arsenite-stressed U-2 OS cells treated with HT, related to Fig. 1 D.
Frame 1 was acquired prestress and then arsenite was added to stress cells. 15 min later, images were acquired every 10 min for up to 55 min after arsenite
addition. HT was added immediately after acquiring the image at 15 min after stress. Scale bar, 10 um.

Three tables are provided online. Table S1 shows source data for all figures and supplemental figures. Table S2 lists antibodies used
for nascent chain tracking and IMF microscopy. Table S3 shows oligonucleotides used for smFISH probes used to detect EGFP,
SCNB8A, EGR1, HSPA1A, and HSPAIB transcripts.
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