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hypoxia and impacts the ability of glioblastoma cells to secrete
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Glioblastoma (GBM) is a devastating universally fatal primary brain cancer. Novel therapeutic strategies are required to alter disease
course and improve survival in these patients. There is increasing evidence that modulating cancer’s ability to respond to and
survive cellular stress through RNA stress granules (SGs) may be a novel approach to cancer therapeutics. SGs are cytoplasmic
aggregates of untranslated mRNAs and RNA binding proteins formed in response to a variety of cellular stressors, that allow cells to
temporarily prioritize translation of stress-related proteins. A previous drug screen identified the dopamine modulator lobeline as a
factor affecting SG disassembly in GBM cells. Lobeline impairs GBM cell survival by impairing SG disassembly after hypoxia.
Specifically, after a hypoxic challenge, lobeline “locks” cells in a stressed state, even after re-exposure to normoxia. This is
characterized by retained SGs, elevated levels of phosphorylated elF2a and a sustained reduction in global protein translation. The
disruption of the canonical stress response induced by lobeline ultimately results in increased cell death in both primary and
immortalized GBM cell lines. Interestingly, lobeline also reduces post-hypoxia extracellular vesicle (EV) release, potentially through
sequestration of the SG and EV protein, YBX1. Taken together, this adds to the literature that modulating stress and SG dynamics

may be useful alone or to potentiate other treatment modalities affecting stress in GBM.
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INTRODUCTION

Glioblastoma (GBM) is the most common and aggressive (Grade
IV; IDH wildtype) primary malignant brain tumor. Despite standard
treatment, which includes maximal surgical resection followed by
adjunctive chemotherapy (temozolomide) and radiation, GBM is
universally fatal with a median survival of ~15 months following
diagnosis [1, 2]. This can be attributed to GBM’s aggressive growth
pattern, adaptability, diffuse infiltration, and genetic heterogene-
ity, all of which lead to high recurrence rates [3]. Due to the poor
prognosis of GBM, there is a pressing need to investigate novel
therapeutic approaches that address these challenges.

Rapidly growing tumor cells are exposed to a variety of adverse
microenvironmental conditions, such as nutrient deprivation and
hypoxia. Hypoxia is a hallmark of GBM and is correlated with
enhanced tumor aggressiveness and therapeutic resistance [4-6].
In response to various stressors, including hypoxia, cells trigger a
conserved adaptive process known as the integrated stress
response (ISR) to ensure survival until the stress condition is
ameliorated and homeostasis is restored. Four stress sensing
kinases respond to various forms of cellular stress and converge
on eukaryotic translation initiation factor 2 subunit alpha (elF2a),
phosphorylating the key translation initiation factor, ultimately
resulting in translation inhibition [7]. During the ISR, with global

protein translation suppressed, untranslated mRNA transcripts and
aggregation-prone RNA binding proteins such as Ras GTPase-
activating protein-binding protein 1/2 (G3BP1/2) and T-cell-
restricted intracellular antigen-1 related protein (TIAR) are pack-
aged into non-membrane bound foci known as stress granules
(SGs) [8]. Co-localization of transcripts and translational machinery
in SGs allows cells to prioritize translation of stress-related genes
and sequester apoptotic proteins facilitating cellular survival
[8-10].

SGs are dynamic structures and can be disassembled within
minutes to hours upon stress removal [11, 12]. The phosphoryla-
tion of elF2a can be reversed by the action of one of two key
phosphatases: the constitutively expressed constitutively active
reverter of elF2a phosphorylation (CReP) or by the stress-induced
phosphatase, growth arrest and DNA damage-inducible protein
(GADD34) [13], allowing for protein translation to resume. SG
dissolution is then thought to occur through a multistep process
involving post-translational modifications such as ubiquitination
and SUMOylation that ultimately results in clearance through
autophagy [14-16]. Excessive stressors that overwhelm cellular
adaptation can trigger the activation of pathways leading to
regulated cell death (apoptosis) [17]. Immunohistochemical
labeling of a human GBM tissue microarray (n =90) previously
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Table 1. Top 10 drug candidates that prevent SG dissolution in GBM cells post hypoxia.

Drug Drug class

Chelidonine (+) Monoamine Metabolism

Scoulerine Monoamine Metabolism

Piperlongumine Oxidative Stress

Lobeline alpha (—) Monoamine Metabolism

hydrochloride

Benzethonium chloride Antimicrobial

Metergoline Monoamine Metabolism

Nortriptyline hydrochloride Monoamine Metabolism

Lobelanidine hydrochloride Monoamine Metabolism

Benzamil hydrochloride Electrolyte Homeostasis

Desipramine hydrochloride Monoamine Metabolism

Raloxifene hydrochloride Estrogen Receptor

Modification

Z score Retained SGs after Increased SG
hypoxia? formation?

47.59765484 Yes Yes*
40.01073732 Yes Yes*
19.40302893 Yes Yes*
17.04493294 Yes No
10.62192853 Yes No
10.4904695 Yes No
10.42626503 Yes No
10.38074863 Yes No
9.980604543 Yes No
8.927833286 Yes No
4.894554443 Yes No

*Originally excluded from consideration as potential false positive; may drive SG formation rather than prevent SG dissolution.

1120 FDA approved drugs (Prestwick Chemical Library) were previously screened for their impact on SG dynamics in GBM cells. The top 10 drug candidates
that delayed SG dissolution relative to vehicle controls 1 h post-hypoxia are listed along with their drug class. Raloxifene hydrochloride (within top 30 drug
candidates according to Z score) was initially investigated due to SERMs prior uses as auxiliary therapeutics in GBM.

published by our laboratory demonstrated the formation of SGs
adjacent to areas of necrosis, reflecting their relevance in the
in vivo GBM tumor microenvironment [18].

A high-throughput screen for compounds that would alter
hypoxia-induced SG dynamics in GBM cells previously identified
the selective estrogen receptor modulator (SERM) raloxifene as
preventing SG dissolution following hypoxic stress release,
resulting in cell death [18]. Lobeline, a drug that can interact with
nicotinic receptors, is a vesicular monoamine transporter 2
(VMAT?2) ligand, and can stimulate dopamine storage and release
[19, 20] was also identified in this screen (Table 1). Lobeline has
not been investigated in GBM but has been shown to reverse drug
resistance in cancer cells and to decrease colon cancer growth
[21, 22].

Intriguingly, our laboratory has identified microRNA categories
related to both dopamine metabolism and nicotinic acetylcholine
receptor signaling pathways significantly upregulated in extra-
cellular vesicle (EV) cargo isolated from GBM patient plasma (Han
et al., manuscript in review). Communication between malignant
cells is critical for the initiation and progression of cancer. Such
intercellular communication can occur via secretion of EVs, which
can modulate the tumor microenvironment to promote cancer
cell growth and survival [23, 24]. Recent literature has suggested
that crosstalk occurs between EVs and SGs. Hypoxia increases EV
secretion [25-28], modifies EV cargo [29], and secreted EVs affect
the ability of recipient cells to respond to stress utilizing SGs [30].
This may be in part due to Y box binding protein 1 (YBX1), which
has a dual role in SGs and EVs [31-33].

Lobeline was identified as a modulator of both SG disassembly
and EV secretion during hypoxia induced stress in GBM cells. By
inhibiting SG dissolution, lobeline offers a novel therapeutic
approach to counteract the stress-adaptive mechanisms of GBM.
Additionally, the relationship between SGs and EV secretion
highlights a complex network of intercellular communication that
may facilitate tumor progression.

RESULTS

Lobeline alters SG dynamics by delaying SG dissolution post-
hypoxia in immortalized and primary GBM cells

A previous drug screen identified several FDA approved
compounds that altered SG dynamics in immortalized U251
GBM cells exposed to hypoxia [18], with lobeline being the fourth
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highest candidate by Z-score to delay SG dissolution (Table 1). This
dissolution was found to be dose dependent, as higher lobeline
concentrations resulted in corresponding increases in the
percentage of cells containing SGs and the average number of
SGs remaining per cell post-hypoxia (Fig. 1A, B). Lobeline reached
its effective peak on SG dissolution at 40-60 uM, as higher
concentrations caused sustained morphological changes (cell
rounding and shrinking) and SG staining became less distinctive
with decreased cytoplasmic volume (Fig. 1C, lower panel, 100 uM).
Importantly, lobeline did not induce SGs in normoxia at any tested
concentration (Fig. 1C, and data not shown).

In U251 cells, hypoxia-induced SGs typically dissolve within
15-30min upon return to normoxia (Fig. 2). However, pre-
treatment with lobeline was found to significantly delay SG
dissolution up to 2h post-hypoxic release. The percentage of
lobeline-treated cells containing SGs as well as the average number
of SGs per cell remained significantly higher than untreated controls,
with 19.5-50.7% of cells still containing an average of 3-6.7 SGs after
2h in normoxia (Fig. 2A, B). Notably, lobeline did not induce SG
formation in normoxia (Fig. 2C). This delayed SG dissolution was also
confirmed in a primary GBM cell line U3085. U3085 cells appear to
exhibit some resistance to hypoxia as only 12.3-42.3% of control cells
formed SGs immediately post-hypoxic release, and these cells only
contained an average of 2 SGs per cell (Fig. 2D, E). Thirty minutes
post-hypoxic release, U3085 control cells were able to dissolve the
few SGs they contained (Fig. 2D, E). Interestingly, when U3085 cells
were incubated with increasing lobeline concentrations, the percen-
tage of cells containing SGs, as well as the average number of SGs per
cell significantly increased immediately post-hypoxia. U3085 cells
were unable to dissolve these SGs after 30 min in normoxia with
50.8-83.8% and 78.1-91.5% of cells still containing SGs after having
been pre-treated with 25 uM and 50 pM of lobeline respectively (Fig.
2D). Lobeline alone at either concentration did not induce SG
formation in U3085 cells in normoxia (Fig. 2F).

Lobeline-induced delays in SG dissolution correspond with

decreased protein translation and sustained ISR activation

Lobeline treatment in U251 cells was associated with sustained
elF2a phosphorylation after a return to normoxia compared to
vehicle treated controls (Fig. 3Bi-ii). As expected, with sustained
elF2a phosphorylation cells demonstrated a decrease in global
protein translation as determined by a puromycin incorporation
assay (Fig. 3Ai). The effect of lobeline lasted in excess of 2 h after
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Increasing lobeline concentrations leads to a corresponding increase in retained SGs post-hypoxia. A, B Human immortalized GBM

U251 cells were treated with increasing concentrations of lobeline (0-100 pM) for 1 h prior to a 2 h incubation + hypoxia (<1% O,). Cells were
allowed to recover for 30 min before being fixed and stained for cellular membranes (WGA), SGs (TIAR and G3BP2) and nuclei (DAPI). Images
were processed through a CellProfiler automated pipeline for quantification of A percent cells with SGs and B average number of SGs per cell
(in those cells with SGs) based on correlative TIAR and G3BP2 immunostaining. Data are presented as the mean of biological replicates
(N = 3) £ SEM, multiple unpaired t-tests *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. C Representative immunofluorescence of U251 cells

(from A, B) treated with 0, 50 and 100 pM lobeline + hypoxia.

removal from hypoxia despite global translation returning to
normal within 15 min in vehicle control treated cells (Fig. 3Ai). This
was not due to lobeline directly influencing protein translation, as
lobeline alone had no impact on the level of puromycin
incorporation in normoxia (Fig. 3Aii). Lobeline alone also had no
effect on elF2a phosphorylation in normoxia (Fig. 3Bii) and no
significant changes in GADD34 protein levels in lobeline-treated
cells + hypoxia were noted (Fig. 3B).

The sustained elF2a phosphorylation was confirmed in U3085
cells in which lobeline resulted in increased phosphorylated elF2a
up to 30 min post-hypoxia (Fig. 3C). There was also no observable
trend in GADD34 protein levels that could explain the elevated
elF2a phosphorylation (Fig. 3C).

Lobeline does not impact SG dynamics through alterations in
mTOR signaling or inhibition of autophagy

Previous work has demonstrated a down regulation of mammalian
target of rapamycin (mTOR) signaling during retention of hypoxia-
induced SGs [18, 34]. However, no difference in protein levels was
observed in the key p70S6 kinase substrate, ribosomal protein S6
(rpS6), between control or lobeline treated U251 cells post-hypoxia
(Supplementary Fig. 1A). A block in autophagy could also result in a
defect in SG clearance [35, 36] and is the method of SG retention with
the known autophagy inhibitor chloroquine [18]. No distinctive trends
in LC3BII protein levels between vehicle control and lobeline treated
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U251 cells + hypoxia were found (Supplementary Fig. 1A), and
importantly LC3BIl levels were much lower in all experimental
conditions relative to chloroquine (Supplementary Fig. 1B).

The combination of lobeline and hypoxia shifts cell death
towards late apoptosis/necrosis

Our group has previously demonstrated that inhibition of timely SG
dissolution leads to increased GBM cell death [18]. Despite the
reduced global translation and retained SGs, no increased cell death
was found 2 h post-hypoxia in U251 cells by Annexin/Pl (data not
shown). However, at 24 h post-hypoxia, cells exposed to lobeline and
hypoxia demonstrated a significant increase in late apoptosis/necrosis
(Q1+Q2, Fig. 4Ai) compared to cells that had received either
lobeline or hypoxia alone (Fig. 4Ai-iii). When U251 cells received
higher concentrations of lobeline (up to 400 pM) prior to hypoxic
incubation, cell death occurred faster, with significant numbers
of late apoptotic/necrotic cells being observed 4 h post-hypoxic
release (Fig. 4Bi-iii). Interestingly, while there is a significant
combined increase in late apoptosis and necrosis in U251 cells
that received both lobeline (low or high concentration) and
hypoxia, there appears to be a distinctive shift in the bulk of
these cell populations specifically towards necrosis (shifting
from Q4 directly to Q1). Increased U251 cell death was also
confirmed by western blot for cleaved PARP, a marker of late-
stage apoptosis (Fig. 4C, D).

SPRINGER NATURE
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Synergistic cell death was also observed in U3085 cells, with a
significant increase in early and late apoptosis/necrosis 24 h post-
hypoxia in cells that had received 50 uM lobeline with a trend
towards significance at higher concentrations (100 uM) (Q1-Q3,
Fig. 5).
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Small RNAs from stress-related pathways are over-
represented in EVs isolated from human GBM patients as well
as miRNA related to dopamine metabolism

Lobeline interacts with both VMAT2 and the dopamine transporter
(DAT) and through these interactions can modulate dopamine
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Fig.2 Lobeline delays SG dissolution post-hypoxic release in both immortalized and primary human GBM cells. A, B Human immortalized
U251 GBM cells were treated with 50 uM lobeline or vehicle control for 1 h prior to a 2 h hypoxic incubation (<1% O,). At various times post-
hypoxia (0-120 min) cells were fixed and stained for cellular membranes (WGA), SGs (TIAR and G3BP2) and nuclei (DAPI). Images were
processed through a CellProfiler automated pipeline for quantification of A percent cells with SGs and B average number of SGs per cell (in
those cells with SGs) based on correlative TIAR and G3BP2 immunostaining. Data are presented as the mean of biological replicates
(N=3)+£SEM, two-way ANOVA, Sidak’s multiple comparisons test *p <0.05, **p<0.01, ***p <0.001, ****p <0.0001. C Representative
immunofluorescence of U251 cells from A, B at T = 0 min or 120 min £ hypoxia. D, E Human primary U3085 GBM cells were treated with either
25 pM or 50 pM lobeline or vehicle control (matched to 50 pM concentration) for 1 h prior to a 1 h incubation + hypoxia (<1% O,). Cells were
then fixed immediately (0 min) or after 30 min before being fixed and stained (as in A, B) for automated CellProfiler quantification of D percent
cells with SGs and E average number of SGs per cell (in those cells with SGs). Data are presented as the mean of biological replicates
(N =3) £ SEM, two-way ANOVA, Tukey's multiple comparisons test **p < 0.01, ***p < 0.001, ****p < 0.0001. F Representative immunofluores-

cence of U3085 cells from D, E at T=0 min or 30 min + hypoxia.

storage and release [37, 38]. Lobeline also functions as a nicotinic
receptor antagonist, inhibiting nicotine-evoked dopamine release
[39]. EVs from the plasma of GBM patients had previously been
isolated and their small RNA cargo sequenced (Han et al,
manuscript in review). Analysis of EV miRNA cargo demonstrates
over-representation of categories related to oxidative stress and
miRNA functioning in categories related to both dopamine
metabolism and nicotinic acetylcholine receptor signaling (Table
2).

Lobeline dampens a hypoxic recovery-induced increase in EV
secretion

To determine if there was a link between hypoxia, EV secretory
patterns and lobeline, the number of EVs released following a 2-h
period post-hypoxia was quantified. Hypoxia is known to increase
EV secretion [25-28], and consistent with this, we see a two-fold
increase in the amount of EVs released post-hypoxia in vehicle
control treated cells relative to cells maintained in normoxia.
However, cells pre-treated with lobeline and hypoxic stress have
diminished EV secretion compared to cells that received hypoxia
alone (Fig. 6A). To understand what could be preventing hypoxia-
induced EV release in lobeline treated cells, we immunostained for
YBX1. YBX1 is a multifunctional RNA binding protein that plays a
role in both SG formation [31] and in selective loading of small
non-coding RNAs into EVs [40, 41]. We find that YBX1 is
sequestered in SGs of lobeline-treated cells 60 min post-hypoxia.
In contrast, YBX1 displays only diffuse cytoplasmic staining in
vehicle control treated cells (Fig. 6B).

DISCUSSION

The poor prognosis of GBM is in part due to its capacity to adapt
to and co-opt its surrounding microenvironment, allowing tumors
to thrive under adverse conditions. There is growing interest in
targeting the stress response, particularly SG formation, for novel
cancer therapies [42]. Our previous work demonstrated the
presence of cells containing SGs adjacent to the hypoxic GBM
core in vivo, in human GBM samples suggesting a role in GBM
pathobiology [18]. However, targeting SG formation can be
complex, as certain compounds (e.g., glutathione), which inhibit
SG formation under hypoxic conditions, also have protective roles
in alleviating hypoxic stress, potentially rendering them counter-
productive in cancer treatment [18, 43]. This study presents an
alternate approach and investigates SG disassembly. This work,
together with our previous findings using the drug raloxifene,
demonstrates that pharmacologically delaying SG disassembly
impairs timely stress resolution and leads to increased GBM cell
death. These results further support our hypothesis that targeting
SG dissolution represents a valid cancer therapeutic strategy. Here
we show that lobeline delays SG dissolution post-hypoxia in a
dose-dependent manner, leading to a higher percentage of cells
containing SGs, an increased number of SGs per cell, sustained ISR
activation and reduced protein synthesis. Furthermore, lobeline in
the absence of hypoxia does not result in cell death and thus as a
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cancer therapeutic may selectively target cancer cells in the
hypoxic microenvironment as opposed to normoxic normal cells.
Investigating these strategies in an animal model (such as an
orthotopic humanized mouse model of GBM) will be an important
next step to bring this targeting strategy to clinical fruition.

Impaired SG disassembly and retention is known to play a key
role in certain neurodegenerative diseases [44-46]. Although
lobeline-treated cells experience granulostasis in conjunction with
an active stress response post-hypoxia, it is unlikely that SG
persistence itself directly causes the observed increase in GBM cell
death. Notably, although some cells retained SGs 2 h post-hypoxia,
the majority had initiated SG disassembly, and apoptosis was not
detected via Annexin/Pl staining (data not shown). Instead,
significant levels of late apoptosis/necrosis were observed
4-24 h post-hypoxia during which SGs had already disassembled.
While SGs are associated with pro-survival mechanisms including
sequestering pro-apoptotic transcripts during the cellular stress
response [47, 48], it is conceivable then that SGs would first have
to dissolve to release these factors and initiate cell death
programs. This would suggest that the inability to timely resolve
stress conditions and restore homeostasis, rather than the
prolonged presence of SGs pushes cells towards irreversible
cell death.

Although the canonical steps in SG assembly are well
established (reviewed extensively in [8, 49]), the steps of SG
disassembly are less understood. Lobeline does not influence SG
dynamics through downregulation of the stress-induced regulator
of elF2a dephosphorylation GADD34, nor does it alter mTOR
pathway signaling. Current theories regarding SG disassembly
signaling cascades suggest RNP modifications occur, resulting in
less RNA-protein and RNA-RNA interactions [50]. This in turn
contributes to the dissipation of SGs until they are ultimately
cleared by ubiquitination or autophagy [15, 36]. Indeed, raloxifene
was found to impair autophagy clearance of SGs in GBM cells [18].
However, we did not observe any distinctive trends in LC3BII levels
in lobeline treated cells post-hypoxia, suggesting there are
multiple pathways that can interfere with SG disassembly. Recent
studies highlight the role of Disassembly Engaged Proteins (DEPs)
and SUMOylation in SG disassembly [50, 51] which warrant further
exploration to understand how lobeline impairs SG dynamics.
Although the method through which lobeline disrupts SG
disassembly is unknown, the act of disrupting canonical stress
pathway dynamics and preventing timely stress recovery is the
important factor. This is evidenced by the fact that we have now
identified two different classes of drug, lobeline (monoamine
metabolism) and raloxifene (SERM) that clearly function through
different mechanisms yet yield the same result: delayed SG
disassembly, prolonged ISR activation and increased GBM
cell death.

Lobeline a VMAT2 ligand, can modulate dopamine storage and
release [37, 38]. Interestingly, in a concurrent study examining
miRNA contained within GBM patient plasma EVs, we identified
miRNA categories associated with dopamine metabolism that
were significantly upregulated compared to normal plasma

SPRINGER NATURE
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Fig. 3 Lobeline prolongs the restoration of protein synthesis and the phosphorylation of elF2a post-hypoxia. A U251 cells were treated
with 50 uM lobeline or vehicle control for 1 h prior to a 2 h incubation + hypoxia (<1% O,). At various times post-hypoxic or corresponding
normoxic incubation (0-120 min) cells were treated with puromycin and total cell lysates harvested. Puromycin incorporation into nascent
polypeptide chains of cells that received hypoxia (i) or remained in normoxia (ii) was detected by anti-puromycin western blot. B U251 cells
were treated as in A but without puromycin treatment. Total cell lysates were harvested and probed for total elF2a, phospho-elF2a and
GADD34 at various times (0-120 min) post hypoxic (i) or normoxic (ii) incubation. C U3085 cells were treated with either 25 pM or 50 pM
lobeline or vehicle control (matched to 50 pM concentration) for 1 h prior to a 1h incubation = hypoxia (<1% O,). Total cell lysates were
harvested immediately (0 min) or after 30 min and probed for total elF2a, phospho-elF2a and GADD34. All blots were normalized to their
respective total lane protein and are represented as ratios with vehicle control T = 0 min normalized to 1. The level of elF2a phosphorylation is
presented as the ratio of phospho-elF2a to total elF2a. Data are presented as the mean of biological replicates (N=3 U251; N=4
U3085) + SEM, two-way ANOVA, Sidak’s (A, B) or Tukey’s (C) multiple comparisons test *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

controls (Han et al., manuscript in review). Notably, 55% of drugs EV release, and indeed lobeline reduced EV secretion under
identified in our initial screen, including lobeline, targeted hypoxic conditions compared to vehicle controls. This is exciting
monoamine metabolism [18]. This suggests that neurotransmitter as it may represent a novel way in which paracrine signaling could
signaling may play an important role in both tumor cell be disrupted in GBM cells. Cellular communication is crucial for
communication and survival under stress conditions. Indeed, tumor survival, and tumor cells use EVs to signal hypoxic
existing literature supports cross-talk between EVs, SGs and the conditions to both proximal and distal cell populations [53]. A
ISR [30, 33]. In particular, hypoxia increases EV secretion and alters decrease in EV release, and subsequently EV cargo, could be linked
RNA content of EVs [25-28, 52] and these EVs can then impact to the retention of YBX1 in SGs in the presence of lobeline. YBX1 is
stress-naive cells [30]. We postulated that modulating stress known to mediate sorting of small noncoding RNA into EVs and is
pathway dynamics with lobeline could also alter hypoxia-induced a key SG RNP. Therefore, YBX1 sequestration in SGs may limit its

SPRINGER NATURE Cell Death Discovery (2025)11:432



K.M. Attwood et al.

=
*
*

Vehicle

Vehicle + hypoxia Lobeline

Lobeline + hypoxia

*k
2
o 601 *
©
L2 v
S
e )
$ 40 [ Vehicle
Annexin V s A Vehicle + hypoxia
L [ Lobeline
=
u " .
|") Vehicle Vehicle + hypoxia Lobeline Lobeline + hypoxia g_ 20- B Lobeline + hypoxia
i — . " e . 5
=%
©
o
2
.}
= 0
B I) Vehicle Vehicle + hypoxia Lobeline Lobeline + hypoxia
100uM
ii) * Fededede
[ | [
P *k Fkkk
2000 e § 100+ dekkk
- L2
£
o .
g [ Vehicle
f Vehicle + hypoxia
L [ Lobeline
. b " .
400iM g_ B Lobeline + hypoxia
B o
a
- ©
e, o
2
0 o W 2
Annexin V N3
100uM 200pM 400uM
I") Vehicle Vehicle + hypoxia Lobeline
oo e . e
+ Hypoxia - Hypoxia
C Hypoxia + + = - D Vehicle Lobeline Vehicle  Lobeline
Lobelin + _—] —] —1] —]

Cleaved PARF

i

*

[ —

*

—
!
'_l

3 Vehicle 3 Vehicle
Vehicle + hypoxia 10 Vehicle + hypoxia
[ Lobeline [ Lobeline

Y Lobeline + hypoxia IS Lobeline + hypoxia

Cleaved PARP
Cleaved PARP

100uM 200uM 400uM

Fig. 4 The combination of lobeline and hypoxia leads to synergistic cell death in immortalized GBM cells. A U251 cells were treated with
50 uM lobeline for 1 h prior to a 2 h incubation + hypoxia (<1% O,). Cells were allowed to recover for 24 h in normoxia before being harvested
and stained live by annexin V/PI and analyzed by flow cytometry. Cells in the lower left quadrant (annexin V—/Pl—) were classified as live, the
lower right quadrant (annexin V+/Pl—) as early apoptotic, the upper right quadrant (annexin V+/Pl+) as late apoptotic and the upper left
quadrant (annexin V—/PI+) as necrotic (i). The percentage of late apoptotic/necrotic cells were combined and presented graphically as the
mean of biological replicates (N=3)+ SEM, one-way ANOVA, Tukey's multiple comparisons test *p <0.05, **p <0.01 (ii). Representative
brightfield microscopy of vehicle control and lobeline treated cells + hypoxia (iii). B U251 cells were treated as in A except with increasing
lobeline concentrations (100-400 uM) and a recovery period of 4 h. Data are presented as the mean of biological replicates + SEM, two-way
ANOVA, Tukey’s multiple comparisons test *p < 0.05, **p < 0.01, ****p < 0.0001. C, D U251 cells were treated as in A or B with total cell lysates
being harvested and probed for cleaved PARP. Blots were normalized to their respective total lane protein and are represented as ratios with
vehicle control (€) and vehicle control 100 pM (D) normalized to 1. Data are presented as the mean of biological replicates (N = 3) + SEM, one-
way ANOVA (C) or two-way ANOVA (D), Tukey’s multiple comparisons test *p < 0.05, ****p < 0.0001.
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Fig. 5 The combination of lobeline and hypoxia leads to synergistic cell death in primary GBM cells. U3085 cells were treated with
increasing lobeline concentrations (25-100 pM; vehicle control matched to 100 pM concentration) for 1 h prior to a 2 h incubation + hypoxia
(<1% O,). Cells were allowed to recover for 24 h in normoxia before being harvested and stained live by annexin V/PI and analyzed by flow
cytometry (i). Data are presented as the mean of biological replicates + SEM, one-way ANOVA, Sidak’s multiple comparisons test *p < 0.05 (ii).

Table 2. Significantly enriched miRNA categories related to oxidative stress and dopamine metabolism in EVs isolated from high-grade glioma

patient plasma.

Category
Stress

Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)

Dopamine metabolism

Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)

Pathways (miRWalk)
Pathways (miRWalk)
Pathways (miRWalk)

SPRINGER NATURE

Subcategory

WP408 Oxidative stress

hsa00620 Pyruvate metabolism

hsa00480 Glutathione metabolism

P00046 Oxidative stress response

hsa00270 Cysteine and methionine metabolism
WP3 Keap1 Nrf2

WP15 Selenium

WP28 Selenium metabolism and selenoproteins

WP314 FAS pathway and stress induction of HSP
regulation

hsa00360 Phenylalanine metabolism
hsa00350 Tyrosine metabolism
hsa00340 Histidine metabolism
P02787 Vitamin B6 metabolism
hsa00750 Vitamin B6 metabolism

hsa00400 Phenylalanine tyrosine and tryptophan
biosynthesis

P02759 Pyridoxal 5 phosphate biosynthesis
hsa00380 Tryptophan metabolism

P00044 Nicotinic acetylcholine receptor signaling
pathway

Enrichment

Over-represented
Over-represented
Over-represented
Over-represented
Over-represented
Over-represented
Over-represented
Over-represented
Over-represented

Over-represented
Over-represented
Over-represented
Over-represented
Over-represented
Over-represented

Over-represented
Over-represented
Over-represented

False discovery rate

0.0025
0.004

0.0043
0.0065
0.0072
0.0094
0.0126
0.0146
0.0149

0.0013
0.0025
0.0051
0.0093
0.0146
0.0149

0.0149
0.0234
0.0437

Observed mRNA

10
10
8
11
9
6
1
7
11

w b b O NN

w

Significantly enriched oxidative stress and dopamine metabolism-related categories obtained using miEAA 2.0 over-representation analysis for differentially
expressed miRNA when comparing EVs of high-grade glioma patients to non-cancer control.
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YBX1 Phalloidin Merge

Fig.6 Lobeline dampens hypoxia-induced EV release and sequesters YBX1 in SGs. A U251 cells were treated with 50 uM lobeline or vehicle
control for 1 h prior to a 2 h incubation + hypoxia (<1% O,). EVs were isolated from conditioned culture media harvested from U251 cells 2 h
post hypoxic or corresponding normoxic incubation and quantified by nanoparticle tracking analysis. The average of each biological replicate
(N =3) is expressed as a fold change of particles/mL of media + SEM, one-way ANOVA, Tukey’s multiple comparisons test *p < 0.05, **p < 0.01.
B Representative immunofluorescence of U251 cells. U251 cells were treated as above, were fixed and stained for actin (phalloidin), SGs (TIAR),

YBX1 and nuclei (DAPI) at T=60 min post-hypoxia.

availability for EV and EV cargo secretion. However, this does not
invalidate other mechanisms such as changes in lysosomal pH
during stress [54]. Whether modulation of EV biogenesis post-
hypoxia is an important step for SG disassembly, or in this case, a
consequence of delayed SG dissolution in the presence of
lobeline, requires further investigation.

Here, we conclude that disrupting SG dynamics impairs cellular
stress resolution and promotes cell death. Modulating the hypoxic
SG response with lobeline represents a promising therapeutic
strategy, as lobeline not only increases hypoxia-induced cell death
but also potentially disrupts GBM paracrine signaling via EV
secretion. Further work in GBM animal models targeting SG
dissolution as well as mechanistic cell biology in this field could
potentially yield novel therapeutic strategies.

MATERIALS AND METHODS

Cell lines and cell culture

U251 MG cells (MilliporeSigma, ECACC, 09063001) were cultured as
previously described [18, 55]. U3085 MG (HGCC RRID:CVCL IR95) cells were
cultured on polyornithine and laminin coated plates (MilliporeSigma) as
per [18, 55]. Cells were cultured at 37 °C with 5% CO, and never allowed to
grow beyond 80% confluency. Cells tested negative for mycoplasma.

Drug treatment and hypoxia

Unless otherwise stated, cells were treated with a concentration of 50 uM
(-)-Lobeline hydrochloride (Tocris Bioscience, 134-63-4). U251 cells were
seeded at a density of between 75,000-100,000 cells/mL and treated next
day with lobeline or vehicle control (dH,0) for 1 h at 37 °C. Hypoxia (<1%
0,, 2 h total) was then induced as previously described [18]. U3085 cells
were seeded at a density of between 80,000-100,000 cells/mL and allowed
to adhere for 48 h prior to treatment with lobeline/vehicle control in
serum-free DMEM (does not contain sodium pyruvate [18]) for 1 h at 37 °C.
U3085 cells then received 1h hypoxia, with the exception of cell death
experiments (2 h hypoxia). Cells that did not undergo hypoxia remained in
normoxia (20% O,) for the same duration as their matched hypoxia
counterparts.

Immunofluorescence

U251 or U3085 cells were fixed and immunostained to allow for automated
quantification of the percentage of cells with SGs and the average number
of SGs per cell (in those cells with SGs) based on correlative TIAR and
G3BP2 immunostaining as previously described [18]. Primary antibodies
were used as follows: mouse anti-TIAR (1:200; BD Biosciences, 610352) and
rabbit anti-G3BP2 (1:1500; MilliporeSigma, HPA018304). Cells were imaged
and SGs quantified by CellProfiler (cellprofiler.org) and RStudio (Supple-
mentary Data) as previously described [18]. For YBX1 immunofluorescence,
cells were co-stained with TIAR as above, rabbit anti-YBX1 (1:400; Abcam,
ab12148), and Phalloidin 647 (Thermo Fisher Scientific) according to
manufacturer’s protocol.

Cell Death Discovery (2025)11:432

Puromycin translation assay
Puromycin translation assay was performed as previously described [18].

Western blot analysis

Total U251 and U3085 cell lysates were harvested as previously described
[18]. Primary antibodies were used as follows: mouse anti-puromycin, clone
12D10 (1:6000; MilliporeSigma, MABE343); rabbit anti-elF2a (1:1000; Cell
Signaling Technology, 9722), rabbit anti-phospho-elF2a (Ser51) (D9G8) XP
(1:750; Cell Signaling Technology, 3398), rabbit anti-GADD34 (1:1000;
Thermo Fisher Scientific, PA1-139), rabbit anti-cleaved PARP (Asp214)
(1:250; Cell Signaling Technology, 9541), rabbit anti-LC3B (1:1000; Cell
Signaling Technology, 2775), rabbit anti-S6 ribosomal protein (5G10)
(1:10,000; Cell Signaling Technology, 2217), rabbit anti-phospho-S6
ribosomal protein (Ser235/236) (1:10,000; Cell Signaling Technology,
2211). Western blot analysis was performed as previously described [18].
All blots were normalized to their respective total lane protein and band
intensities quantified using ImagelLab software (Bio-Rad). See Supplemen-
tary Data for uncropped western blot images.

Annexin V/PI cell death assay

U251 cells were treated with either 50 uM lobeline and allowed to recover
from hypoxia overnight, or with increasing concentrations (100-400 uM)
and allowed to recover for 4 h. U3085 cells were treated with increasing
concentrations of lobeline (25-100 uM) and allowed to recover from
hypoxia overnight. Vehicle control for U3085 cells was the 100puM
concentration. The Annexin V-Alexa Fluor 488/propidium iodide (PI) dead
cell apoptosis kit (Thermo Fisher Scientific V13241) was used to detect
early and late apoptosis and necrosis as previously described [18].

EV isolation and quantification

Media was harvested from U251 cells 2 h post hypoxic or control normoxic
incubation and was pre-cleared by centrifugation twice at 3000 x g for
15min. EVs were captured by peptide-affinity (ME-Kit (Urine/Media),
BioSynth) following manufacturers’ protocol. EVs were quantified by nano-
particle tracking analysis on a Nanosight NS300 (Malvern Panalytical).
Briefly, EVs were diluted in water and five videos of 60s intervals were
captured, analyzed with Gain =512 and shutter at 1300, and averaged.

Statistical analysis

All statistical analyses were performed using GraphPad Prism (Version 10). Data
are presented as the mean of 3 or 4 (as indicated) biological replicates + SEM
with statistical significance being defined as follows: *p <0.05; **p <0.01;
**¥p <0.001; ****p<0.0001. Quantitative variables were analyzed using
multiple unpaired t-tests, one-way ANOVA with either Sidak's or Tukey's
multiple comparisons test, or two-way ANOVA with either Sidak’s or Tukey’s
multiple comparisons test as indicated in figure legends.

DATA AVAILABILITY
All data generated or analyzed during this study are included in this published article
and its Supplementary Information files.
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