





Figure 1: Vinca alcaloids induce formation of SGs. A. U20S cells were stressed with sodium arsenite (SA, 100 uM), vinorelbine
(VRB, 150 uM), vinblastine (VBL, 300 uM), vincristine (VCR, 750 uM) and paclitaxel (PCX, 400 uM) for 1 hour. Unstressed U20S cells
(no drug) were used as control. After treatment, cells were stained for SG markers G3BP1 (green), eIF4G (blue, shown as gray), eIF3b (red)
and scored. Boxed region is shown enlarged with colors separated below each image; merged signals shown as gray. Size bar represents
10 um. B. Quantification of SG-positive U20S cells (as in Figure 1A). Data were analyzed using the unpaired Student’s r-test, N = 3. C.
Vinorelbine does not affect P-bodies. U20S WT cells were stressed with vinorelbine (VRB, 150 uM) or left untreated (no drug) for 1 hour
and then stained with P-body marker Dcpl (red) or SG marker G3BP1 (green). Nuclei are visualized with Hoechst staining (blue). Boxed
region is shown enlarged with colors separated below each image. Size bar represents 10 um. D. VRB-induced SGs contain mRNAs and
40S ribosomal subunits. U20S WT cells stably expressing ribosomal protein S6 (RPS6) fused to GFP (GFP-RPS6) were stressed with
vinorelbine (VRB, 150 uM) or left untreated (no drug) for 1 hour. Upper panel: Cells were visualized for GFP-RPS6 (green) or SG markers
G3BP1 (red) and TIAR (blue, shown as gray). Lower panel: Cells were stained with SG markers G3BP1 (green) and TIAR (blue, shown
as gray). In situ hybridization with oligo-dT,, probe against polyadenylated mRNAs (red) was done as described. Boxed region is shown
enlarged with colors separated below each image. Size bar represents 10 um.
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Figure 2: VRB-induced SGs lack specific signaling molecules. A.-C. U20S cells were stressed with sodium arsenite (SA, 100
uM) or vinorelbine (VRB, 150 uM) for 1 hour. Signaling molecules RACK1 (A), TRAF2 (B) and Rsk2 (C) were probed for SG localization
by co-immunostatining with SG marker TIAR. Percentage of TIAR-positive and RACK1- (A), TRAF2- (B) and Rsk2- (C) positive cells is
shown on the right panel. Data were analyzed using the unpaired Student’s t-test, N = 3. p-values are shown.
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different mechanisms to assemble SGs and modulate cell
survival.

SGs are dynamic ribonucleoprotein structures [14]
that exist in equilibrium with polysomes. Treatment with
SA effectively collapses polysomes, resulting in increased
levels of 80S monosomes and 40S/60S ribosomal
subunits as shown in polysome profiles obtained using
sucrose gradient centrifugation (Figure 3A, 100pM
SA). Treatment with VA drugs (150uM VRB, 300uM
VBL and 600uM VCR) also effectively disassembles
polysomes (Figure 3A) suggesting that VA drugs directly
or indirectly influence cellular translation. VRB-induced
polysome disassembly is dose-dependent with effective
concentrations as low as 20 uM (Figure 3B). At the
molecular level, pharmacological manipulations that
affect polysome dynamics also alter SG assembly and
disassembly. Cycloheximide (CHX), a drug that arrests
translation elongation and stabilizes polysomes, promotes
the disassembly of both SA-induced and VRB-induced
SGs (Figure 3C, CHX [15]). In contrast, puromycin
(Puro, a translation inhibitor that collapses polysomes
by premature termination [15]) promotes the formation
of both SA- and VRB-induced SGs (Figure 3C, Puro).
Collectively, these data indicate that VA-induced SGs are
the bona fide SGs (Figures 1 and 3).

Vinca alkaloids promote SG formation in a
phospho-elF20 dependent manner

Mechanistically, SGs are assembled in response to
inhibition of translation initiation [16]. VAs disassemble
polysomes in a manner similar to that of SA (Figure
3A-3B), which triggers phosphorylation of elF2a to
inhibit translation initiation. Indeed, VAs and PCX
trigger phosphorylation of elF2a (Figure 4A, lanes VRB,
VBL, VCR, PCX compared to control-treated (ctrl) or
methotrexate (MetX)), albeit somewhat less robustly than
SA (Figure 4A, SA) in U20S cells. Generally, the ability
of VAs to induce the phosphorylation of elF2a correlates
with their ability to promote SGs (Figure 4A, “SGs”).
We have noticed, however, that other chemotherapy
drugs (tested in our initial screening) do not show a
direct correlation between SG formation and elF2a
phosphorylation. For example, doxorubicin (DOX), but
not its liposome-conjugated form (LipoDOX), efficiently
triggers phospho-elF2a while neither form of the drug
promotes SG formation (Figure 4A and data not shown).
Similarly, Fluorouracil (5-FU) is reported to both trigger
SG assembly and increase phosphorylation of elF2a
following prolonged treatment [17] but not under short
time treatment in our system (Figure 4A). VRB triggers
elF2a phosphorylation in a dose-dependent manner
(Figure 4B).

Some stresses (e.g., SA [15]) but not others (e.g.,
hydrogen peroxide (H,O,) [18] or selenite [13]) strictly

require elF2o phosphorylation in order to promote
SG formation. To determine whether VA-induced SG
assembly is phospho-elF2a dependent, we used a mouse
embryonic fibroblast (MEF) line in which wild type (WT)
elF2a (WT MEFs) is replaced with a non-phophorylatable
knock-in mutation Ser51Ala (S51A MEFs) [19]. As shown
in Figure 4C, both SA and VRB promote SG formation
in WT MEFs (as well as in U20S cells) but not in S51A
MEFs, indicating that e[F2a phosphorylation is required
for VRB-induced SG assembly.

Phosphorylation of elF2a results from activation of
one or more stress-sensing serine/threonine kinases [20],
including GCN2 (activated by amino acid deprivation
[21]), HRI (monitors oxidative stress/ROS levels [22]),
PERK (senses endoplasmic reticulum (ER) stress [23,
24]) and PKR (activated by double-stranded RNA during
viral infections, UV exposure and heat shock [25]).
In some cells (e.g., endothelial cells), VRB causes the
accumulation of reactive oxidative species (ROS) that
promote oxidative stress [26], which may then cause SG
formation by HRI activation. To determine whether ROS
contributes to VRB-induced SG assembly, we treated
U20S cells with N-acetylcysteine (NAC), a common ROS
scavenger and antioxidant [27], together with VRB. As
seen in Figure 4D, NAC efficiently inhibits SA-induced
but not VRB-induced formation of SGs. In agreement with
these results, VRB-induced phosphorylation of elF2a is
not affected by NAC treatment. In contrast, SA-induced
phosphorylation of elF2a is modestly inhibited by NAC
treatment (Figure 4E).

To identify the elF2a kinase activated by VRB,
we used siRNA to deplete GCN2, PKR, HRI and PERK
kinases in U20S cells, and then subjected kinase-depleted
cell lines to VRB treatment followed by SG quantifications
(Figure 4F and Figure S5). Depletion of PERK
significantly inhibits VRB-induced (Figure 4F and Figure
S5) and thapsigragin (TPS)-induced SG formation (TPS
triggers PERK/phospho-elF20/SGs and used as a positive
control). Similarly, direct quantification of phospho-elF2a
levels in PERK-depleted U20S cells suggests that PERK
is activated by VRB treatment (Figure 4G, SA treatments
is used as a control for HRI activation). Taken together,
these results identify PERK as the VRB-activated elF2a
kinase.

Vinca alkaloids inhibit mTOR and activate elF4E-
BP1 to disrupt the eIF4F complex

VAs induce PERK-mediated elF2a phosphorylation
that contributes to SG assembly. In addition to phospho-
elF2a, some chemotherapy drugs (such as selenite [13])
and oxidative agents (H,O, [18]) also target the elF4F
complex to promote SG formation. Both selenite and H,O,
induce 4E-BP1:elF4E interactions that sequester elF4E
away from the elF4F complex [13, 18]. To determine
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Figure 3: VRB induces polysome disassembly and formation of bona fide SGs. A. Polysome profiles obtained from U20S
cells treated with sodium arsenite (SA, 100 uM), vinorelbine (VRB, 150 uM), vinblastine (VBL, 300 uM) and vincristine (VCR, 750 uM)
for 1 hour. Unstressed U20S cells (no drug) were used as control. B. Dose-dependent VRB-induced polysome disassembly. Polysome
profiles were obatained from U20S cells treated with indicated concentrations of VRB for 1 hour. C. VRB-induced RNA granules are bona
fide SGs. VRB- and VCR-induced SGs are disassembled by cycloheximide (CHX) and promoted by puromycin (Puro). SGs are visualized

by G3BP1 staining (green, shown as gray). Nuclei are stained with Hoechst (blue, shown as gray). Size bar represents 25 pum.
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Figure 4: VRB promotes elF2o phosphorylation via activation of PERK kinase. A. U20S cells were treated with 100 uM
VRB, VBL, VCR, PCX, doxorubicyn (DOX) and its liposome-conjugated form (LipoDOX), 5-fluorouracil (5-FU), methotrexate (MetX)
or SA for 1 hour. Untreated cells were used as control (ctrl). Levels of ph-elF20 were determined by western blotting using ph-elF2a-
specific antibodies. RACK1 and total e[F2a were used as controls for loading. SG formation is indicated in upper boxes. B. Dose-dependent
phosphorylation of elF20 by VRB. Western blotting for ph-elF2a is done as above. SA treatment is used as control. C. Wild type MEFs
(WT MEFs) or MEFs bearing S51A mutant elF2a (S51A MEFs) were treated with VRB or SA for 1 hour, and stained with SG marker
elF3b. Untreated cells (no drug) served as control. Nuclei were revealed with Hoechst staining (nuclei). Size bar represents 15 um. D.
U20S cells were treated with SA or VRB in the absence (ctrl) or presence of 10mM N-acetylcysteine (NAC) for 1 hour. SGs were revealed
by staining with G3BP1. Size bar represents 10 um. E. Quantification of ph-elF2a levels by western blotting and densitometry (Imagel)
from three independent experiments (as in Figure 4D). Actin is used as loading control. F. Quantification of SGs in non-treated U20S cells
(no siRNA) or treated with control - (ctrl), HRI-, GCN2-, PKR- and PERK-specific siRNAs followed by SA, thapsigargin (TPS) or VRB
treatments (100 uM, lhour). Statistical data were analyzed using the unpaired Student’s ¢-test (p-values are shown, N = 3). Actual levels of
HRI-, GCN2-, PKR- and PERK can be seen in SSA-B. G. Non-treated (no siRNA), control siRNA-treated (ctrl) or HRI-,GCN2, PKR- or
PERK-depleted U20S cells were treated with 100 uM of VRB or SA for 1 hour. Whole cell lysates were subjected to western blotting using
ph-elF2a-specific antibodies. RACK1 was used as loading control.
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whether disruption of the elF4F complex contributes to
VRB-induced SG formation, we examined the integrity
of the elF4F complex in SA-, H O, -, DOX- and VRB-
treated U20S cells (note that all these treatments result
in phosphorylation of elF2a). As shown in Figure 5A,
none of the treatments alters the expression of elF4E,
elF4A or elFAG proteins (input). Importantly, VRB
treatment promotes dephosphorylation of 4E-BP1 in
a manner similar to H,O, (and as reported in [18]).
Pulling down elF4E-containing complexes by m’GTP
Sepharose (m’GTP) revealed that neither treatment
affects eIF4E:m’GTP interactions that mimic the binding
of elF4E to the 5’-cap structures of mRNAs. At the same
time, H O, and VRB selectively increase elF4E:4E-BP1
interactions, leading to the competitive displacement of
elF4G and elF4A from m’GTP-bound elF4E; neither
SA nor DOX disrupt the elF4F complex (Figure 5A).
Further analysis suggests that the ability to trigger
dephosphorylation of 4E-BP1 is a common activity of VA
family members (Figure 5B). Together these data indicate
that VRB disrupts elF4F complex formation by promoting
dephosphorylation of 4E-BP1.

VRB-induced translational repression mediated
by 4EBP1:elF4E interactions strongly implicates mTOR
kinase, the upstream regulator of 4EBP1, in this process.
As mTOR also signals to translation by activating the
ribosomal protein S6 kinase (p70S6K) to phosphorylate
the ribosomal protein S6 (RPS6) [28], we determined
the effects of VRB on RPS6 phosphorylation (phospho-
RPS6). The levels of phospho-RPS6 are unchanged
following treatment with VRB or SA, in contrast to the
levels of phospho-elF2a (Figure 5C). In addition, VRB
treatment promotes formation of SGs in MEFs carrying
a non-phosphorylatable variant of RPS6 (phospho-
RPS6™) (Figure 5D) [29]. These data support a specific
inhibition of the mTOR/4EBP1 but not the mTOR/
p70S6K/p-RPS6 axis by VRB. Finally, siRNA-mediated
depletion of 4E-BP1 inhibits VRB-induced SG formation
to comparable levels as does PERK depletion (note, that
4E-BP1 depletion does not trigger elF2a phosphorylation,
Figure S5C). Simultaneous depletion of PERK and 4E-
BP1 inhibits SG assembly by VRB stronger than single
depletions (Figure SE). Thus, both PERK and 4E-BP1
contribute to VRB-induced SG formation, although
PERK-mediated contribution seems to play the major role.

Role of PERK/4E-BP1/stress granules axis on
vinorelbine-induced toxicity

To examine the physiological roles of PERK and
4E-BP1 in the VRB-induced stress response, we compared
the cytotoxicity of various VRB concentrations of PERK-
and PERK/4E-BP1-depleted U20S cells. As shown in
Figure 6A, the toxicity of VRB in PERK- and PERK/4E-

BP1-depleted U20S cells is greater than that observed in
control siRNA-treated cells. Note, that double depletion
(PERK/4E-BP1) has a very similar response to VRB
treatment to the single PERK knockdown, in agreement
with major role of elF2a phosphorylation in VA-induced
SG formation (Figure 4C). VRB-induced cell death is
primarily apoptotic as assessed by the appearance of
cleaved Caspase 3 in western blots of cell lysates (Figure
6B) and immunostaining (Figure 6C). Importantly, in
U20S cells depleted of PERK and/or 4E-BP1, activation
of apoptosis is more evident at lower concentrations of
VRB than in control siRNA-treated cells (Figures 6B-6C).

PERK and 4E-BP1 are required for VRB-mediated
SG formation (Figures 4F and SE) but their depletion
may affect other pathways and have pleiotropic effects.
In order to ask whether SGs directly contribute to cell
resistance/survival in response to VRB, we used CRISPR/
CAS9-modified U20S cells lacking both G3BP1 and
G3BP2 (AAG3BP1/2), related proteins that are absolutely
required for all phospho-elF2a-dependent and some
phospho-elF20 independent SG formation [30]. VRB
fails to induce SGs in AAG3BP1/2 cells but successfully
induce SGs in AAG3BP1/2 cells reconstituted with WT
G3BP1 (AAG3BP1/2+G3BP1) (Figure 6D). The SG-
promoting ability of G3BP is inhibited by phosphorylation
at Serine 149; G3BP1-S149A, a non-phosphorylatable
variant rescues SGs while the phosphomimetic
variant G3BP1-S149E fails to rescue SG formation in
AAG3BP1/2 cells [30]. VRB promotes SG formation in
AAG3BP1/2 cells reconstituted with G3BP1-S149A but
not with G3BP1-S149E (Figure 6D). Importantly, VRB
resistance correlates with SG formation; cells expressing
SG-promoting G3BP1 WT or S149A are more resistant
to VRB-induced cell death than are cells expressing the
SG-deficient G3BP1 S149E variant (Figures 6E and
6F). Together with the PERK/4E-BP1 depletion data,
these results suggest that SGs in promote cell survival in
response to VRB treatment.

DISCUSSION

While SG formation is often associated with cell
survival and inhibition of apoptosis, their formation
in response to chemotherapy drugs can contribute to
both cancer cell resistance and sensitivity [6]. To date,
several chemotherapeutic drugs have been reported to
induce SGs. These SG-inducing drugs are chemically
diverse and target various cellular processes. With the
exception of sodium selenite which induces pro-apoptotic
SGs (non-canonical SGs lacking elF3), all other known
drugs promote cytoprotective SGs. The assembly of SGs
by chemotherapy drugs requires the phosphorylation
of elF2a, inactivation of mTOR signaling or both.
Proteasome inhibitors Bortezomib (PS-341/Velcade) [31]
and MG132 [32], the antimetabolites 5-Fluorouracil and
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Figure 5: VRB modulates mTOR/4E-BP1 to promote elF4F complex remodeling and SG formation. A. VRB disrupts
elF4F complex formation and enhances eIF4E/4E-BP1 interactions. U20S cells without (-) or with VRB (150 pM), SA (100 uM), DOX
(150 pM) or hydrogen peroxide (H,O,, ImM) treatment (1hour) were lysed and subjected to m’GTP-sepaharose pull down to isolate cap-
bound complexes. Both the input (input) and precipitated (m7GTP) fractions were subjected to western blotting and probed against eIF4G,
elF4E and non-phosphorylated 4E-BP1 (non-ph-4EBP1). B. The same as in 5A, except that U20S cells were treated with indicated VAs
and levels of non-phosphorylated 4E-BP1 (non-ph-4EBP1) were compared to control treatment (-). Levels of eIF4G and elF4E were served
as controls. C. VRB treatment does not affect ph-RPS6 status. Whole cell lysates from VRB-, SA-, DMSO-treated and untreated (-) U20S
cells were subjected to western blotting using ph-elF2a-, ph-RPS6 and non-ph-4E-BP1-specific antibodies. RACK1 was used as loading
control. D. VRB-induced SG formation in MEFs carrying non-phosphorylatable variant of RPS6 (ph-RPS67). WT and ph-RPS6”- MEFs
were subjected to no stress (-), 100 uM SA and 150 pM VRB and stained with G3BP1 and Hoechst (nuclei). Size bar represents 10 pm.
E. Depletion of 4E-BP1 inhibits VRB-induced SG formation. WT (no siRNA), control siRNA- (ctrl), 4E-BP1- and 4E-BP1/PERK-treated
U20S cells subjected to 100 uM SA and 150 uM VRB, stained with G3BP1 and % of SG-positive cells was determined. Standard statistics
was applied (unpaired Student’s ¢-test (p-values are shown, N = 3)).
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Figure 6: Effects of SGs and 4E-BP1/PERK knockdown on the viability of VRB-treated cells. A. Viability of control
siRNA-, PERK- and PERK/4E-BP1-depleted cells in the presence of various VRB concentrations (24 hours). Viability was determined by
measuring the degree of cell death. The half maximal inhibitory concentrations (IC, ) of VRB are shown. B. U20S cells depleted of PERK
or 4E-BP1 were subjected to 60, 70, 80uM of VRB for 1 hour. Control siRNA-treated cells (ctrl) were used as control. Whole cell lysates
from VRB and untreated (-) U20S cells (ctrl, PERK and 4E-BP1) were subjected to Western Blotting using Caspase 3- (inactive) and
cleaved form of Caspase 3 (active)-specific antibodies. RACK1 was used as loading control. C. Percentage of cells undergoing apoptosis
was determined by immunofluorescence using cleaved Caspase 3-specific antibodies (red) on populations of control siRNA-treated,
PERK- and 4E-BP1-depleted cells subjected to 40 or 80 pM VRB. Representative IF images are shown. Standard statistics were applied
(unpaired Student’s z-test (p-values are shown, N = 3)). D. VRB-induced SG formation in SG-competent (U20S, AAG3BP1/2+G3BP1,
AAG3BP1/2+ S149A) and SG-incompetent (AAG3BP1/2, AAG3BP1/2+S149E) cells. Representative images with no treatment (-), 50 uM
and 150 uM VRB are shown. elF4G was used as a SG marker. E. Viability of SG-competent and incompetent U20S cells (Figure 6D)
treated with indicated VRB concentrations (0-100 pM, 24h). F. The half maximal inhibitory concentrations (IC50) of VRB and viability
of AAG3BP1/2 cells reconstituted with SG-competent S149A and SG-incompetent S149E mutants (24 h). Standard statistics was applied
(unpaired Student’s z-test (p-values are shown, N = 3)).
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