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ABSTRACT: Inducing paraptosis, a nonapoptotic form of cell
death, has great therapeutic potential in cancer therapy, especially
for drug-resistant tumors. However, the specific molecular
target(s) that trigger paraptosis have not yet been deciphered
yet. Herein, by using activity-based protein profiling, we identified
the GDP-dissociation inhibitor beta (GDI2) as a manipulable
target for inducing paraptosis and uncovered benzo[a]-
quinolizidine BQZ-485 as a potent inhibitor of GDI2 through
the interaction with Tyr245. Comprehensive target validation
revealed that BQZ-485 disrupts the intrinsic GDI2-Rab1A
interaction, thereby abolishing vesicular transport from the
endoplasmic reticulum (ER) to the Golgi apparatus and initiating
subsequent paraptosis events including ER dilation and fusion, ER stress, the unfolded protein response, and cytoplasmic
vacuolization. Based on the structure of BQZ-485, we created a small benzo[a]quinolizidine library by click chemistry and
discovered more potent GDI2 inhibitors using a NanoLuc-based screening platform. Leveraging the engagement of BQZ-485 with
GDI2, we developed a selective GDI2 degrader. The optimized inhibitor (+)-37 and degrader 21 described in this study exhibited
excellent in vivo antitumor activity in two GDI2-overexpressing pancreatic xenograft models, including an AsPc-1 solid tumor model
and a transplanted human PDAC tumor model. Altogether, our findings provide a promising strategy for targeting GDI2 for
paraptosis in the treatment of pancreatic cancers, and these lead compounds could be further optimized to be effective
chemotherapeutics.
KEYWORDS: alkaloids, paraptosis, target identification, GDI2 inhibitors, benzo[a]quinolizidine library, click chemistry, cancer therapy

■ INTRODUCTION
Targeting noncanonical programmed cell death pathways has
been found to have great therapeutic potential for overcoming
resistance to chemotherapy for cancer treatment, including in
various carcinomas (liver, renal, breast, prostate, colon, gastric,
and pituitary cancers) and hematologic malignancies (leukemia
and multiple myeloma).1−5 For example, RIPK inhibitors for
necroptosis, GPX4 inhibitors for ferroptosis, and GSDM
agonists for pyroptosis have been developed for bypassing drug
resistance.6−10

Paraptosis is an underexplored form of nonapoptotic
programmed cell death that can be targeted for new cancer
therapies. It is characterized by extensive vacuolization derived
from the dilation of the endoplasmic reticulum (ER) and/or
mitochondria.11 Unlike caspase-dependent apoptosis, para-
ptosis is associated with different mechanisms that involve the
activation of mitogen-activated protein kinases (MAPKs) such
as JNKs, MEK-2, and p38. It is often accompanied by
disruption of ion homeostasis, such as Ca2+ and K+, and

disruption of redox homeostasis. In addition, impaired
proteostasis and the accumulation of misfolded/unfolded
proteins are also commonly observed in paraptosis.12,13 Over
the past few decades, many natural products and synthetic
molecules (Figure S1A) have been developed as potent
paraptosis inducers, offering potential therapies for various
cancers.12−16 For example, there is evidence that bromocrip-
tine promotes tumor ablation in patients with prolactin-
secreting pituitary adenomas by inducing paraptosis through
activation of the PKCδ, ERK1/2, and p38 pathways.17,18

Promising molecules such as WIN55,212-2, VER155008, and
Nutlin-3 have shown therapeutic potential in overcoming
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apoptosis resistance in mantle cell lymphoma (MCL),
anaplastic thyroid carcinoma (ATC), and breast cancer
(MDA-MB-435s) cells by inducing paraptosis.19,20 Moreover,

organometallic complexes, especially copper complexes, have
also been found to force cancer cells into paraptotic death.16,21

However, despite the great potential of the induction of

Figure 1. Identification of GDI2 as the molecular target of BQZ-485 for inducing paraptosis. (A) TEM images of the ultrastructure of PC-3 cells
treated with vehicle or BQZ-485 (1 μM, 8 h). Green, normal ER lumens; red, dilated ER lumens; yellow, fusing vacuoles. Scale bars: 1 and 0.2 μm.
(B) Time-lapse images of BQZ-485 triggered vacuolization in PC-3 cells captured by phase-contrast microscopy (1 μM, 0−720 min). (C)
Representative immunofluorescence images for ER markers CANX in BQZ-485 (1 μM, 8 h) treated PC-3 cells. Scale bars: 10 μm. (D) Chemical
structure of BQZ-485 (1) and BQZ-485-based ABPP probe (3). (E) Antiproliferative potencies of BQZ-485 and the biotinylated-based probe (3)
in PC-3 cells (0.1−10 μM, 48 h). (F) Representative vacuolization images of BQZ-485 and probe 3 treated PC-3 cells (1 μM, 8 h) and DMSO
control; scale bars: 20 μm. (G) Schematic view of the ABPP-SILAC strategy to identify the molecular targets of BQZ-485. (H) SILAC ratio plot of
the total protein identified by BQZ-485 probe 3 in PC-3 cells. Three top hits beyond 4.0 threshold are highlighted. (I) Knockdown of GDI2,
ALDHA3A2, or TNOP1 by siRNA in PC-3 cells and corresponding cytoplasmic vacuolization responses. Scale bars: 10 μm. (J) PC-3 cell viability
after treatment with GDI2 siRNA, BQZ-485 (1 μM, 48 h), or the combination of both.
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paraptosis for the development of new tumor therapies, the
molecular target driving this process has yet to be deciphered,
highlighting the importance of identifying the crucial target of
paraptosis.
We have made significant efforts to search for potent

paraptosis inducers,22−24 and benzo[a]quinolizidine BQZ-485
(1) stood out as a well-defined paraptosis initiator with
excellent tumoricidal activity (Figure 1A,D). To understand
the underlying molecular basis of paraptosis and to develop
more potent chemotherapeutics, it is crucial to elucidate the
unknown molecular target of BQZ-485. The most distinctive
phenotype of paraptosis initiated by BQZ-485 is cytoplasmic
vacuolization from the dilated ER lumens. This suggests that
BQZ-485 targets ER membrane proteins�particularly a
component of the vesicular transport system�to disrupt
intrinsic membrane homeostasis and induce persistent ER
stress. Of the proteins that modulate membrane trafficking
processes, Ras-like proteins in the brain (RabGTPases or
Rabs) serve as the central coordinators for identifying the
cargo delivery destination,25,26 and they play an important role
in tumorigenesis.27 Thus, we proposed that the functional loss
of Rabs may lead to prominent membrane disorders and result
in paraptosis-like vacuolization and cell death. Meanwhile,
targeting Rab effectors, for example, GDP exchange factors
(GEFs), GTPase-activating proteins (GAPs), and GDP-
dissociation inhibitors (GDIs),28 interfe res with the retrieval
and reload of Rabs, which, in turn, disrupts intrinsic vesicular
trafficking and facilitates tumor cell death.29,30 Recent research
has shown an increasing interest in developing new cancer
therapy by targeting the Rab signaling pathway31−34 and
indicated that targeting Rab and its effectors offers
opportunities to selectively eliminate tumor cells due to their
heavy protein synthesis burden and exuberant vesicle trans-
port.35,36 However, neither inhibitors that can directly interfere
with Rabs nor those that can disrupt Rab interactions with its
accessory proteins have been identified thus far,37 and the
potential of targeting the Rab signaling pathway to induce
paraptosis has not been investigated.
In this study, we identified GDP-dissociation inhibitor beta

(GDI2) as a crucial target for promoting paraptosis by using an
activity-based protein profiling (ABPP) strategy and discov-
ered BQZ-485 as a potent GDI2 inhibitor. Comprehensive
target validation confirmed that GDI2 is a bona f ide molecular
target of BQZ-485 and that its inhibition by BQZ-485 is
capable of eliciting paraptotic cell death in tumors. Further
modification of our initial structure led to improved GDI2
inhibitors as well as selective proteolysis targeting chimeras
(PROTAC) to degrade GDI2. Furthermore, optimized
inhibitor (+)-37 and degrader 21 exhibited excellent in vivo
antitumor activity in the GDI2-overexpressing pancreatic
xenograft models, providing clear evidence that targeting
GDI2 is a promising strategy for cancer therapy.

■ RESULTS AND DISCUSSION

Identification of GDI2 as the Molecular Target of BQZ-485
for Inducing Paraptosis

We initially investigated the formation of vacuoles induced by
BQZ-485 and established its potential target as a crucial
protein for maintaining ER membrane homeostasis/perme-
ability. TEM ultrastructure analysis indicated that the vacuoles
originated from the fusion of dilated ER lumens, as the
vacuoles are enclosed by a monolayer membrane with visible

contents and some of them are decorated with ribosomes
(Figure 1A). In addition, the dilation of the ER lumen and
consecutive fusion events occurred throughout the cell, while
other organelles were unaffected (white arrow, Figure S1B).
The dynamic process of catastrophic vacuolization in a specific
cell was recorded by phase-contrast time-lapse images:
numerous small vesicles appeared in the early stage, then
coalesced to form larger vacuoles, and eventually triggered cell
bursting and the scattering of cell debris (Figure 1B).
Immunofluorescence labeling of CANX, a prominent ER-
resident chaperone, perfectly overlapped with the membranes
of the vacuoles in confocal micrographs (white arrow, Figure
1C), confirming that these intracellular vacuoles were derived
from the ER rather than other possible organelles (e.g., early/
late endosomes (Rab5/Rab7), mitochondria (TOM20),
lysosomes (Lamp2), and autophagosomes (LC3); Figure
S1C).
To unravel the molecular target of BQZ-485, we developed

an efficient ABPP probe38−41 based on BQZ-485, which
enabled us to uncover its interacting proteins. Among the
modified structures, intermediate 2 (Figure S1D) with
propargylation at the C2 position stood out as having
comparable activity to BQZ-485, notably because the stereo-
chemistry of the C2-hydroxyl pharmacophore is preserved.
From this structure, we successfully prepared BQZ-485-biotin
conjugate 3 via click chemistry (CuAAC), and the ABPP probe
3 was found to exhibit potent antitumor activity and induce
vacuolization, which is consistent with the phenotypes
obtained after BQZ-485 treatment (Figure 1D−F).
For profiling proteins that directly interact with BQZ-485,

stable isotope labeling by amino acids in cell culture (SILAC)-
based quantitative proteomic analysis42,43 was performed in
combination with BQZ-485 probe 3. PC-3 cells were cultured
for over 10 passages in “light” (normal) and “heavy”
([13C6,15N4] L-arginine and [13C6,15N2] L-lysine) SILAC
media, respectively. Cells were then lysed, and the “heavy”
proteomes were treated with 10 μM biotinylated probe 3. The
light proteomes and probe-labeled heavy proteomes were
mixed (1:1) and then subject to streptavidin bead enrichment,
on-bead tryptic digestion, and, finally, LC−MS/MS analysis for
protein identification and quantification (Figure 1G). Then,
the proteins that had been captured by BQZ-485 probe 3 were
identified and ranked based on their SILAC ratio (heavy/light)
(Figure 1H and Table S1). We set a threshold of 4.0 for the
normalized SILAC ratio for top hits, and three proteins�
ALDH3A2 (aldehyde dehydrogenase enzyme), TNPO1
(nuclear transport receptor), and GDI2 (Rab effector for
regulating vesicular transport)�were discovered as potential
targets of BQZ-485 for inducing paraptosis.
We next proceeded to knock down the three candidate

proteins in PC-3 cells using siRNA and checked the resulting
phenotype and lethality (Figure 1I and Figure S2A). As
expected, our results show that the depletion of the
nonmembrane proteins ALDH3A2 and TNPO1 did not
cause paraptotic cell death. However, silencing GDI2 with
two different siRNA sequences resulted in extensive cellular
vacuolization and decreased cell viability, which is similar to
the effects of BQZ-485 treatment (Figure S2B,C). The dose-
dependent effectiveness of GDI2-siRNA was evidenced by a
simultaneous decrease in both GDI2 expression and cell
proliferation (Figures S2D,E), confirming the critical role of
GDI2 in inducing paraptotic cell death. Notably, GDI2-
knockdown combined with BQZ-485 treatment produced a
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significant synergistic antiproliferative effect (Figure 1J). By
overexpressing the GDI2 protein, we performed an additional
rescue experiment that notably diminished the lethality of
BQZ-485 (Figure S2F,G), providing further validation to
GDI2 as the primary target for BQZ-485. These preliminary
findings demonstrated that GDI2 serves as the molecular target
of BQZ-485 for activating the downstream paraptosis
machinery.
BQZ-485 Bound to the RBP Domain of GDI2

To verify the interaction between BQZ-485 and GDI2, we
conducted a cellular thermal shift assay (CETSA), which
indicated that the target engagement of BQZ-485 with GDI2 is
in the low micromolar range (Figure 2A). Furthermore, the
binding affinity was quantified by a biolayer interferometry
(BLI) assay44 and the dissociation constant (KD) value of
BQZ-485 was determined to be 46 μM (Figure 2B). Although

this binding affinity value represents a moderate intracellular
binding affinity between BQZ-485 and GDI2, it is comparable
to the binding affinity observed between GDI and its native
binding partner, Rabs.45,46 The discrepancy between the KD
value and the cellular IC50 of BQZ-485 can be attributed to the
inherent differences between the intracellular and extracellular
experiments, for example, the differences in the concentration
of GDI2 and different biological responses used in the tests.
Intrigued by the binding results, we attempted to identify

the BQZ-485 binding pocket and locate the key residues.
Despite numerous attempts, we were unable to obtain crystals
of the GDI2/BQZ-485 complex suitable for diffraction.
Instead, we decided to employ photoaffinity labeling (PAL)
combined with LC-MS/MS-based proteomic analysis as an
alternate strategy for identifying the binding site with atomic-
level precision.47 In the presence of diazirine-containing

Figure 2. BQZ-485 binds to the RBP domain of GDI2. (A) Thermal stability of GDI2 with BQZ-485 (10 μM, 4 h, 4 °C, n = 3) by CETSA, **p <
0.01 vs control. (B) Binding affinity of BQZ-485 to GDI2 determined by BLI titrations (7.8−125 μM), with a KD of 46 μM. (C) BQZ-485 derived
photoaffinity probe (4) and LC-MS/MS analysis of the BQZ-485-PAL bound peptide sequence. Photo-cross-linking was initiated by UV
irradiation. The resulting adduct was then subjected to protein digestion and submitted to LC-MS/MS analysis. The MS/MS spectrum shows the
BQZ-485-PAL labeled a 30VLHMDRNPYYGGESASITPLEDLYK54 peptide. (D) Predictive binding mode of BQZ-485 in the GDI2 protein. The
interaction interface is composed of Glu95, Arg98, Tyr99, Leu241, Ile244, Tyr245, Tyr442, Lys438, Tyr442, and Glu444. The H-bond with Y245 is
highlighted. The GDI2 protein was subjected to homology modeling using AlphaFold 2.0 (AF-P50395-F1-model_v1), and docking simulation was
implemented by SYBYL-X 2.1.1 and analyzed by LigPlot+. (E) Thermal stability of recombinant GDI2Y245A (1 μM) with or without BQZ-485 (10
μM, 4 h, 4 °C) by the CETSA (n = 3).
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fluorescence probe BQZ-485-PAL (4; Figure S3A), we found
that the peptide sequence 30VLHMDRNPYYGGESASIT-
PLEDLYK54 was covalently modified by the UV-generated
triplet carbene (892.4887 Da, calcd for C54H64N6O6

2•).
Further tandem mass analysis identified 30VLHMDRNPY38
as the labeled site (Figure 2C). Thus, domain I of GDI2 was
determined to be the binding site of BQZ-485. Due to the
absence of a reported GDI2 structure, homology modeling of
GDI2 was conducted with AlphaFold248 and ligand docking
simulations were performed. After focusing on ribbon cavities
located in the vicinity of the Val30−Tyr38 residues, molecular
docking simulation indicated that BQZ-485 effectively
occupied a partial surface of the RBP ribbon (Rab binding
platform) of GDI2. A hydrogen bond with Tyr245 and
hydrophobic interactions with other residues were found
(Figure 2D), indicating that BQZ-485 has the potential to
competitively displace the native substrate, Rabs, and prevent
the C-terminus coordinating region (CCR) cavity on GDI2
from recognizing the Rab C-terminal characteristic sequence
(AXA box), thereby resulting in the arrest of the assembly of
the Rab-GDI2 cocomplex.
To experimentally validate the engagement of BQZ-485 with

the RBP pocket, we prepared a recombinant Y245A mutant

protein, GDI2Y245A (Figure S3B), to alter the geometry of the
binding pocket and diminish BQZ-485 binding. In contrast to
GDI2WT, in vitro thermal shift results demonstrated that the
mutation Y245A abolished the interaction between BQZ-485
and GDI2Y245A (Figure 2E), which is in agreement with our
theoretical prediction. These results clearly showed that GDI2
is a bona f ide molecular target of BQZ-485 and that the
Tyr245-involved Rab binding platform (RBP) domain is the
key pocket for BQZ-485 binding.
BQZ-485 Disrupted GDI2-Rab1A Interaction, Abrogated
ER-to-Golgi Vesicle Transport, and Induced ER-Associated
Paraptosis

Having elucidated the molecular basis of the interaction
between BQZ-485 and GDI2, we next investigated how GDI2
inhibition facilitates ER dilation, induces vacuolization, and
reprograms cell fate. GDI2 is well-known for its function of
recycling Rabs from their target membrane back to the
vesicular pool. Likewise, Rab1A, which is known to be an
important substrate of GDI2, is located on the ER membrane
and controls vesicle targeting for protein transport from the ER
to the Golgi apparatus.49 We therefore investigated the
response of Rab1A to GDI2 inhibition. We observed that

Figure 3.Mechanistic investigation of BQZ-485 induced paraptotic cell death. (A) Western blot level of Rab1A in the cytoplasm and membrane of
PC-3 cells after BQZ-485 treatment (2 μM, 24 h). (B, C) Co-immunoprecipitation of Rab1A and GDI2 (B, GDI2WT-Myc; C, GDI2Y245A-Myc).
PC-3 cells were treated with BQZ-485 (2 μM, 24 h) and immunoblotted with anti-GDI2 or anti-Rab1A antibody. (D) Western blot level of
membrane Rab1A retrieved by GDI2. Membrane extracts from PC-3 cells were preloaded with GDP (1 mM, 45 min, 37 °C) and incubated with
GDI2WT (1 μM) or GDI2Y245A (1 μM) for 30 min. Mixtures were centrifuged and pelleted, and then the resulting soluble fractions were analyzed
by Western blot. (E) Representative vacuolization images in PC-3-GDI2WT-Myc and PC-3-GDI2Y245A-Myc cells after BQZ-485 treatment (2 μM,
48 h). Scale bars: 10 μm. (F) Cell viability in PC-3-GDI2WT-Myc and PC-3-GDI2Y245A-Myc cells after BQZ-485 treatment (2 μM, 48 h). Scale
bars: 10 μm. Significance: *p < 0.05, **p < 0.01; ##p < 0.01. (G) Western blot analysis of ER stress/UPR markers GRP78, CHOP, and p-eIF2α in
PC-3 cells that were treated with DMSO, BQZ-485 (1 μM, 24 h), or GDI2 siRNA. GAPDH as loading controls. (H) Summary of Rab1A-GDI2-
involved antegrade ER−Golgi vesicle trafficking and the effect of BQZ-485.
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BQZ-485 induced abnormal distribution of Rab1A: specifi-
cally, there was substantial depletion in the cytosol but
accumulation in the membrane (Figure 3A), indicating that the
intrinsic GDI2-Rab1A interaction was disrupted and that
intracellular Rab1A recycling was severely impaired. To further
confirm that treatment with BQZ-485 abrogated the GDI2-
Rab1A interaction in live cells, GDI2WT-Myc and GDI2Y245A-
Myc proteins were transfected into PC-3 cells. The co-
immunoprecipitation results showed that the intracellular
GDI2WT-Rab1A interaction was significantly disrupted by
BQZ-485, but the interaction of GDI2Y245A with Rab1A was
not affected (Figure 3B,C). In vitro Rab1A retrieval assays
revealed that BQZ-485 profoundly suppressed the activity of
GDI2WT in Rab1A extraction, with an EC50 value as low as
4.96 μM, but was completely ineffective against the mutant
GDI2Y245A protein (Figure 3D and Figure S4A). Additionally,
in comparison to GDI2WT cells, GDI2Y245A mutant cells
showed significant resistance to BQZ-485 induced cell death
and cellular vacuolization (Figure 3E,F).
Disruption of Rab1A homeostasis resulting from GDI2

inhibition is expected to lead to the blockade of anterograde
ER-to-Golgi protein trafficking and exacerbate the accumu-
lation of unfolded proteins in the ER lumen. We observed that
attenuating de novo protein synthesis (and thus the aggregation
of unfolded proteins) by treatment with cycloheximide
(CHX), actinomycin-D (Act-D), or 4-phenylbutyric acid (4-

BPA) could effectively reverse both the vacuolization and cell
death caused by BQZ-485. Once the ER becomes overloaded
with unfolded proteins after BQZ-485 treatment, hypertonic
administration of mannitol is able to counter the increasing ER
osmolarity, resulting in the alleviation of ER cisternae dilation
and cell mortality (Figure S4B,C). Regarding the signaling
pathway, inactivation of GDI2 by either BQZ-485 or GDI2
siRNA was shown to trigger the UPR during ER stress, as
upregulation of glucose-regulated protein GRP78 and
phosphorylation of eukaryotic initiation factor (p-eIF2α) and
CHOP were observed in cells by Western blot analysis when
inhibiting or silencing of GDI2 (Figure 3G and Figure S4G). It
is well-known that the terminal UPR failed to restore ER
proteostasis in most cases.50 The unfold proteins are prone to
aggregation, leading to persistent proteotoxicity and, even-
tually, cell death.
Given the essential role of post-translational prenylation of

Rabs for their membrane affinity,51 downregulating prenylated
Rab1A is an alternative approach to trigger parpatosis and
exhibit synergy with the GDI2 inhibitor BQZ-485. It is well-
known that the synthesis of mevalonate metabolite geranylger-
anyl pyrophosphate (GGPP) and subsequent geranylgeranyl
transfer are essential for the prenylation of Rabs52 (Figure
S4D). We therefore blocked this signaling pathway using the
HMG-CoA reductase inhibitor atorvastatin, GGPP synthase
inhibitor NE10790, and Rab geranylgeranyl transferase

Figure 4. Discovery of the GDI2 degrader. (A) Scattergraph representation of GDI2 degradation efficacies by the PROTACs with three types of E3
ligands and the chemical structure of 21. (B) Western blot analysis of GDI2 levels in the presence of compounds 20−23 (2 μM, 24 h). PC-3 cells
were treated with compounds 20−23, and the lysates were submitted for Western blot analysis. (C) Binding affinity of 21 for GDI2 by the BLI
assay (1.56−25 μM), KD = 23.9 μM. (D) Compound 21-induced dose-dependent degradation of GDI2 and representative Western blot image in
AsPC-1 cells (0.63−10 μM, 24 h, n = 3). GAPDH as the loading control, DC50 = 1.48 μM, Dmax = 84.2%. (E) Time course of 21-mediated GDI2
degradation by Western blot analysis (0−24 h, n = 3). (F, G) Western blot analysis of GDI2 degradation induced by 21 with pretreatment of
MG132 or BQZ-485. AsPc-1 cells were pretreated with either MG132 (5 μM) or BQZ-485 (5 μM) for 4 h and treated with compound 21 for 24 h.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00228
JACS Au 2023, 3, 2749−2762

2754

https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00228/suppl_file/au3c00228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00228/suppl_file/au3c00228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00228/suppl_file/au3c00228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00228/suppl_file/au3c00228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00228/suppl_file/au3c00228_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00228?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00228?fig=fig4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


inhibitor YM-529 to decrease the synthesis of prenylated
Rab1A and investigated their effect on the induction of
paraptosis. As expected, these inhibitors were able to induce
slight paraptosis when used individually and synergistically
enhanced the antiproliferative potency of BQZ-485 (Figure
S4E,F).
As summarized in Figure 3H, our data clearly indicate that

inhibiting GDI2 by BQZ-485 impaired ER-associated vesicular
transport and led to ER swelling/dysfunction, which in turn
resulted in an extensive cytoplasmic vacuolization phenotype
and steered cell fate toward death. This mechanism illustrates
that targeting GDI2 for paraptosis holds great potential for
improving cancer therapy.
Chemical Knockdown of GDI2 Induces Paraptosis to
Enhance Cancer Therapy

Targeting protein degradation is a revolutionary technology for
achieving chemical knockdown of a targeted protein and is
widely used in drug discovery. Dozens of bifunctional
PROTACs have been developed to hijack the intrinsic cellular
ubiquitin−proteasome system to degrade specific proteins and
thereby provided clinical benefit.53 Thus, by leveraging the
direct binding affinity of BQZ-485 to GDI2, we attempted to
develop novel GDI2 degraders via a versatile design strategy.

The chemical expansion was principally focused on the
investigation of linkers/E3 ligands (Figure 4A; all structures
are shown in Figure S5). In this preliminary exploration, the
optimized degrader 21 stood out with high potencies for both
GDI2 degradation and antiproliferative activity against PC-3
cells and GDI2-overexpressing pancreatic cancer cell line AsPc-
1 cells (Figure 4A,B, Figure S6A, and Table S5). The sufficient
binding affinity of 21 to GDI2 (Figure 4C; KD = 23.9 μM) is
fundamental to its intracellular degradation ability. The
Western blot analysis clearly shows that 21 efficiently degraded
the target protein in both time- and concentration-dependent
manners in AsPC-1 cells, as >70% of GDI2 was depleted after
9 h of treatment, and a DC50 value of 1.48 μM was determined
(Figure 4D,E; Dmax = 84.2% at 10 μM).
Moreover, we conducted an additional mechanism inves-

tigation to demonstrate that degrader 21 induces GDI2
degradation through the ubiquitin−proteasome system. In the
presence of the proteasome inhibitor MG132, 21-induced
GDI2 degradation was significantly prevented (Figure 4F),
highlighting its reliance on proteasome. We observed that
pretreatment with the competitor BQZ-485 prevented the
degradation of GDI2 by 21, providing further evidence that
binding of 21 by GDI2 was essential for promoting
degradation (Figure 4G). Meanwhile, the transcription level

Figure 5. Click chemistry and the NanoLuc-based platform leading to more potent GDI2 inhibitors. (A) Schematic representation of the NanoLuc-
based system for quantifying the GDI2-Rab1A interaction. Once LgBiT-tagged GDI2 interacts with SmBiT-tagged Rab1A, the complementary
fragments of nanoluciferase fused to reconstitute luminescence activity. The chemical inhibitors (red) are supposed to disrupt the interaction and
attenuate the luminescence. (B) Click chemistry leading to novel GDI2 inhibitors. The most optimized analogue is (+)-37. (C) Scattergraph
representation of the inhibitory potencies of novel benzo[a]quinolizidine derivatives at the protein and phenotypic levels. GDI2 inhibition rate (%)
at 6.25 μM and the IC50 values for PC-3 and AsPC-1 cells were displayed. (D) Dose−response curves of GDI2-Rab1A interaction inhibition in the
presence of (+)-37 and BQZ-485 (0.1−50 μM), IC50 = 2.87 and 6.85 μM. (E) BLI binding studies of (+)-37 to GDI2 (7.8−125 μM), KD = 36
μM. (F) Western blot analysis of ER stress and UPR markers in (+)-37 or BQZ-485 treated AsPC-1 cells (24 h).
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of GDI2 was not affected by 21, as the qPCR analysis of GDI2

mRNA, which showed no discernible difference (Figure S6B),

and the autophagy inhibitor chloroquine (CQ) did not exert

any impact on the restoration of the GDI2 protein level

(Figure S6C). In addition, degrader 21 selectively induces

GDI2 degradation without affecting the GDI1 protein level up

to 10 μM (Figure S6D,E). This discovery opens up novel

therapeutic possibilities for exploiting GDI2 degraders for

cancer treatment.

Click Chemistry and High-Throughput Platform Enable Us
to Discover More Potent BQZ-485 Derivatives for
Targeting the GDI2-Rab1A Interaction

To enable the high-throughput screening of GDI2 inhibitors
for the induction of paraptosis, we developed a facile
NanoLuc-based protein-fragment complementation assay
(NanoPCAs) to quantify the GDI2-Rab1A interaction in
vitro. The native binding process of GDI2 with inactive GDP-
Rab is composed of two consecutive steps: (1) Rab recognition
(low-affinity complex) and (2) transfer of Rab geranylgeranyl
groups (high-affinity complex).54 Potential inhibitors are
proposed to directly target GDI2 RBP in the first step,
disrupting its hydrophobic contacts with Rab1A. In addition,

Figure 6. Compound 21 and (+)-37 suppress tumor growth in the AsPC-1 xenograft model and the pancreatic adenocarcinoma PDX model. (A)
Growth curve of tumor volume, *p < 0.05, **p < 0.01, compared to the vehicle group (n = 5). (B) Weight of dissected tumors after treatment. (C)
Western blot analysis of GDI2, GRP78, CHOP, and p-eIF2α proteins in tumor tissues. (D) Representative H&E staining of the tumor sections.
Scale bars: 20 μm. (E) Schematic outline of the establishment of the pancreatic adenocarcinoma PDX model. (F) Growth curves of pancreatic
adenocarcinoma PDX tumors in nude mice during treatment (n = 5). **p < 0.01, compared to the vehicle group. (G) Dissected tumor weight
collected after treatment. *p < 0.05 vs vehicle. (H) Protein levels of GDI2, GRP78, CHOP, and p-eIF2α in tumor tissue analyzed by Western blot.
(I) Representative images of tumor sections that underwent H&E staining. Scale bars: 20 μm.
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unprenylated Rabs have beenreported to interact with
GDI,45,46 and we thereby use the unprenylated Rab1A as the
GDI2 interaction partner in our NanoLuc system to avoid
performing post-translational modifications. GDI2-LgBiT and
SmBiT-Rab1A were expressed in Escherichia coli, respectively
(Figure S7A), and then the in vitro GDI2-Rab1A interaction
could be visualized by luminescence when the split NanoLuc
fragments were brought into close proximity (Figure 5A). In
the presence of chemical inhibitors, the inhibitory rate of the
GDI2-Rab1A interaction could be quantified by the decrease
in luminescence.
Based on the predicted binding mode of BQZ-485 in GDI2,

we pursued further modifications of BQZ-485 focused on the
construction of various C2 triazole branches to occupy
enlarged target surfaces and provide extra hydrophobic
interactions (Figure S7B). Starting from BQZ-485 alkyne
intermediate 2, CuAAC click chemistry enabled us to construct
a small library of novel benzo[a]quinolizidines for screening
(Figure S7B; individual structures are shown in Figure S7B).
Most analogues inhibited the interaction of GDI2 with Rab1A
by over 70% at 6.25 μM (Figure 5C and Table S6), and their
potencies in the in vitro assay were positively correlated with
antiproliferative activities in GDI2-overexpressed AsPC-1 and
PC-3 cells (Figure 5C and Table S6). To evaluate the toxicity
of selected compounds, we also determined their potency
against a GES-1 human gastric epithelium cell line, revealing
that most compounds exhibited at least a 10-fold greater
activity in the cancer cells (Figure S7C). Comprehensive
consideration of the potency and selectivity suggested that the
enantiomer (+)-37 (Figure 5C), with a 4-fluorobenzyl triazole
branch, was the optimum GDI2 inhibitor for both impairing
the GDI2-Rab1A interaction and inducing cell death via
paraptosis (Figure S7D,E). The KD value of (+)-37 for GDI2
was 36 μM, which slightly increased compared to that of BQZ-
485, and the potency in inhibiting the GDI2-Rab1A interaction
increased by 2.5-fold ((+)-37, 2.87 μM vs BQZ-485, 6.85 μM;
Figure 5D,E). At the cellular level, the persistent ER stress,
lethal UPR signaling, and vacuolization phenotype attributed
to ER dysfunction were confirmed in AsPC-1 cells in the
presence of a low concentration of (+)-37 (Figure 5F). Thus,
(+)-37 is an improved GDI2 inhibitor and warrants further in
vivo investigation.
Compound 21 and (+)-37 Suppress Pancreatic Cancer
Progression and Induce Tumor Cell Paraptosis in a Mouse
Xenograft Model

To investigate the in vivo antitumor efficacy of GDI2 targeting
degrader 21 and inhibitor (+)-37, we first developed an AsPC-
1 pancreatic carcinoma xenograft model with a high expression
of GDI2. When tumors in the dorsal region were palpable
(∼100 mm3), mice were randomized into six groups and
treated with vehicle, (+)-37 (25 mg/kg, ip.; 40 mg/kg, ip.); 21
(15 mg/kg, ip.), or gemcitabine (40 mg/kg, ip.). A group
treated with (+)-37 in combination with atorvastatin (25/30
mg/kg, ip./po.) was also included to investigate in vivo
synergistic effects between GDI2 inhibition and prenylated
Rab insufficiency. After 18 days of treatment (6 doses; Figure
6A), both (+)-37 and 21 significantly attenuated tumor growth
compared to the vehicle group, presumably by suppressing or
degrading GDI2 (Figure 6A,B; the dissected tumors are shown
in Figure S8A). Disappointingly, there was no in vivo synergism
when (+)-37 was combined with atorvastatin, which we ascribe
to an insufficient concentration of atorvastatin in vivo. No

significant signs of toxicity were observed in the mice of the
(+)-37 and 21 treatment groups, as no body weight loss in the
treatment group, while histopathological examination of
dissected major organs (heart, lung, liver, spleen, and kidney)
showed no signs of injury compared to the vehicle group
(Figure S8B,C). Histopathological examination of the
dissected tumors revealed extensive cytoplasmic vacuolization
in the degrader and inhibitor treatment groups, implying that
these tumors underwent paraptosis and their invasiveness was
attenuated (Figure 6)D. According to Western blot analysis,
long-lasting GDI2 depletion by 21 was achieved in vivo, as
more than 90% of GDI2 was not restored even at 72 h post
final injection (Figure 6C and Figure S8D). The protein levels
of GRP78, CHOP, and p-eIF2α in tumor tissue were elevated
due to the occurrence of ER stress and UPR activation in
tumor tissues, which is in accordance with the in vitro data
(Figure 6D and Figure S8D). In addition, we demonstrated
that the treatment groups did not exhibit a significant decrease
in Rab1 expression (Figure S8E).
Pancreatic carcinoma patient-derived xenograft (PDX)

models allow for the faithful reproduction of human pancreatic
cancer biology and offer an opportunity to evaluate the
therapeutic response to potential chemotherapies in a more
realistic context. To this end, a PDX tumor model of
pancreatic adenocarcinoma (PDAC) was established (Figure
6E). Resected PDAC tumors and adjacent benign tissues were
collected from the Qilu Hospital, Jinan, China. IHC staining
revealed that GDI2 expression in cancerous tissues was
significantly higher than that in adjacent normal tissues (Figure
S9A). As described in the procedure, we transplanted PDX
fragments into nude mice, and the third-generation PDX mice
were successfully established for in vivo study. Two weeks post
implantation, mice were assigned to receive treatment with
vehicle, (+)-37 (40 mg/kg, ip.), 21 (15 mg/kg, ip.), or
gemcitabine (40 mg/kg, ip.) for 18 days. Consistent with the
previous results in the conventional AsPC-1 xenograft model,
both GDI2 inhibitor (+)-37 and degrader 21 successfully
suppressed PDAC tumor growth (Figure 6F,G; the the
dissected tumors are shown in Figure S9B) to levels similar
to those of the gemcitabine treatment group without significant
toxicity (Figure S9C,D). The cytoplasmic vacuolization and
increased GRP78, CHOP, and p-eIF2α levels confirmed the
disruption of ER homeostasis, as well as subsequent terminal
UPR activation, in the PDAC−PDXs (Figure 6H,I and Figure
S9E). Notably, degrader 21 still exhibited excellent potency in
eliminating GDI2 in PDAC tumors (Figure 6H and Figure
S9E). These findings provided evidence that inducing
paraptosis by targeting GDI2 is a promising therapeutic
strategy for pancreatic cancer therapy, and both GDI2
inhibitors and degraders could bring clinical benefits to
patients with pancreatic cancers.

■ CONCLUSIONS
Overexpression of GDI2 has been recognized as a diagnostic
and prognostic biomarker in various tumor tissues,8,55−58

especially in pancreatic and hepatocellular carcinomas, but its
potential as a target for new cancer therapy had not been
investigated previously. In this study, we used ABPP to identify
that GDI2 plays a critical role in paraptosis and demonstrated
that BQZ-485 can serve as a potent inhibitor of GDI2. BQZ-
485 binds to GDI2, which impairs Rab1A retrieval, abolishes
ER-to-Golgi vesicle transport, and reprograms cell fate to
paraptotic cell death. We created a small library of BQZ-485
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analogues, from which we discovered a more potent GDI2
inhibitor ((+)-37). In addition, we leveraged BQZ-485’s
engagement with GDI2 to develop the selective PROTAC
molecule 21 as a GDI2 degrader. The optimized inhibitor
(+)-37 and degrader 21 described in this study exhibited
excellent in vivo antitumor activity in two pancreatic cancer
xenograft models, including an AsPc-1 solid tumor model and
a transplanted human PDAC tumor model. Our findings
provide clear evidence that the induction of paraptosis by
targeting GDI2 with benzo[a]quinolizidine analogues is a
promising strategy for enhancing cancer therapy.

■ METHODS

SILAC-ABPP Assay
PC-3 cells were passaged 10 times in SILAC DMEM (Thermo Fisher
Scientific) with 10% dialyzed fetal bovine serum (dFBS) (Thermo
Fisher Scientific), 1% penicillin−streptomycin, and 100 μg/mL
[13C6,15N4] L-arginine-HCl and [13C6,15N2] L-lysine-HCl or L-
arginine-HCl and L-lysine-HCl (Thermo Fisher Scientific). The cells
were harvested and stored at −80 °C for further experiments. Frozen
cell pellets were resuspended in IP lysis buffer (Beyotime), sonicated,
and separated into soluble and insoluble fractions by centrifugation at
15,000g for 20 min. The soluble protein concentration was
determined using the BCA protein assay (Beyotime). The lysates
were adjusted to 2 mg/mL and treated with 10 μM compound 3 or
DMSO at 4 °C with agitation overnight. The DMSO-treated light
proteome and heavy probe-labeled proteome were mixed equally in a
1:1 ratio and preincubated with streptavidin agarose (Thermo Fisher
Scientific) for 30 min at room temperature. The beads were washed
six times with PBS and the bead-bound proteins in SDS loading buffer
were boiled for 10 min. The beads were centrifuged, and the
supernatant was collected, with the eluted proteins separated by SDS-
PAGE and the protein-containing bands in the gel excised, followed
by in-gel digestion. The samples were analyzed by LC-MS/MS
analysis (Applied Protein Technology, Shanghai, China).
RNA Interference and GDI2 Overexpression
The siRNA constructs as listed below (Table S2) were designed and
synthesized by Sangon Biotech (Shanghai, China). The interference
was performed based on the protocol of HighGene Transfection
reagents (ABclonal, Wuhan, China). Human GDI2 genes were
inserted in the pcDNA3.1 (+) vector, and the empty vector was used
as the negative control. Cells were plated in 6-well plates and cultured
overnight. Then cells were transfected with 2 μg of vector DNA using
HighGene Transfection reagents (ABclonal, Wuhan, China). After
treatment, the cells were harvested and processed for further analysis.
Co-Immunoprecipitation Assays
The GDI2WT and GDI2Y245A overexpressing cells were treated with
BQZ-485 (2 μM) or DMSO for 12 h, respectively. After treatment,
the cells were harvested and lysed with IP lysis buffer (Beyotime)
containing a protease inhibitor. The samples were subsequently
prepared according to the instructions of the Immunoprecipitation
Kit (Proteintech, Wuhan, China). Supernatants were collected and
incubated with anti-Myc antibody or mouse IgG overnight at 4 °C.
Protein agarose beads were mixed at room temperature for 2 h and
then centrifuged to obtain the precipitate. After purification using
elution buffer, the antigen−antibody mixtures were treated with basic
neutralization buffer and analyzed by Western blot.
Rab1A Retrieval Assay
PC-3 cells (serum-starved for 5 h before the experiment) were washed
twice prior to homogenization at 4 °C in the “homogenization buffer”
(50 mM Hepes/KOH, pH 7.6, 1 mM EDTA, 5 mM MgCl2, 1 mM
GDP, and 1× phosphatase inhibitor mixture). Plasma membrane
fraction was obtained after two consecutive centrifugations: 10 min at
800g and 20 min at 15,000g at 4 °C. Equal amounts (typically 100 μg
of membrane proteins) were pretreated for 45 min at 37 °C with
GDP (1 mM) and incubated in the presence of either GDI2WT (1

μM) or GDI2Y245A (1 μM) with different concentrations of BQZ-485
in a reaction buffer (50 mM Hepes/KOH, pH 7.6, 5 mM MgCl2, 1
mM DTT, and supplemented with 1× phosphatase inhibitor
mixture). The reaction mixtures were pelleted (10 min, 15,000g),
and the soluble fractions were analyzed for Rab1A contents by
Western blot.
BLI Assays
BLI assays were performed by a standard procedure according to the
manufacturer’s introduction. In brief, the BLI experiments were
performed by an Octet RED96E instrument (ForteBio, Port
Washington, NY, USA). The recombinant GDI2WT protein was first
captured by electrostatic interactions onto APS biosensors. Then, the
baseline signal was established by incubating with buffer (300 s
equilibration). The candidate compounds were dissolved with pH 7.4
SD + 5% DMSO buffer (125−7.8 μM or 25−1.56 μM, 2-fold
dilution), and the resulting solution was added to a 96-well plate for
wetting the GDI2-bound APS biosensors. The equilibration was
allowed to proceed for a total duration of 50 s until a saturation
response was reached. Tips were washed in dissociation buffer for 90 s
to block unbound hydrophobic sites and establish second base lines.
Consecutive association−dissociation cycle programs were performed
in the presence of the tested compounds. Acquired raw data were
processed in the analysis software provided by the manufacturer using
double reference subtraction. The resulting data were fitting with a
1:1 binding model to afford the kon and koff values, and then KD values
were obtained.
PAL Experiment
Purified GDI2WT was adjusted to 10 μM and treated with 10 μM
BQZ-485-PAL for 60 min. After probe labeling, the protein was
irradiated under UV light (365 nm) for 5 min on ice to covalently
cross-link the probe with the target site. And then the protein was
separated by SDS-PAGE and the protein-containing band in the gel
was excised, followed by in-gel digestion. The samples were analyzed
by LC-MS/MS analysis (Applied Protein Technology, Shanghai,
China).
Molecular Docking Analysis
The homology model of human GDI2 (AF-P50395-F1-model_v1)
was obtained from AlphaFold2. Potential binding pockets inside the
protein were predicted using the information obtained from the PAL
experiment as constraints. We predocked BQZ-485 into a binding
pocket in domain I of GDI2 using SYBYL-X. The results were
analyzed by PyMOL and LigPlot+.
NanoLuc PCA
The sequences (Supporting Information) of GDI2-LgBiT and
SmBiT-Rab1A were synthesized and cloned into SUMO-pET28a by
Sangon Biotech (Shanghai, China). The plasmids were transformed
into E. coli BL21 and cells were grown in LB media, and the
expression of proteins was induced by 0.1 mM IPTG at 18 °C. The
protein purification used the same procedure in Supporting
Information.
For inhibitor testing, chemical compounds were dissolved to 100

μM and 2-fold serially diluted in PBS. GDI2-LgBiT (40 μL) (1.25 μM
in PBS) was added to 96-well plates and then mixed with 20 μL of
compound at the desired concentrations. The mixture was incubated
for 60 min at 37 °C. The 40 μL portion of SmBiT-Rab1A (5 μM in
PBS) was then added to each well, followed by incubation for 30 min
at 37 °C. After the final incubation step, an equal volume of Promega
Nano-Glo Luciferase Assay Substrate was added to the reaction
mixture. Emitted luminescence was measured by using a microplate
reader (Bio-Tek).
Immunofluorescence Assay
PC-3 cells were plated on coverslips in 6-well plates. After 24 h, the
culture medium was removed and replaced with medium containing
BQZ-485 or vehicle control. At the indicated time points, the cells
were fixed for 10 min with 4% formaldehyde. The coverslips were
washed with PBS and permeabilized for 5 min with 0.5% Triton X-
100 in PBS. Following PBS washing, the coverslips were blocked for
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30 min at room temperature with 1% BSA in PBS. The coverslips
were then incubated overnight at 4 °C with primary antibodies. The
coverslips were washed with PBS and incubated for 60 min at room
temperature with TRITC-conjugated secondary antibodies, including
incubation with DAPI for the final 10 min. The coverslips were then
washed sequentially with PBS and mounted on microscope slides.
Imaging data was acquired using a Zeiss LSM 780 scanning confocal
microscope.
Tumor Xenograft Model and Treatment
Male BALB/c athymic nude mice (6−8 weeks) were purchased from
the SPF (Beijing) Biotechnology (Beijing, China) and maintained at
the Animal Experimental Center in the School of Pharmaceutical
Sciences (Shandong University).
Gemcitabine is the clinical standard drug for treating pancreatic

cancer. Based on the assessment of our coauthor who is a specialist
physician in pancreatic cancer and results from pretests, a dosage of
40 mg/kg gemcitabine is an appropriate positive control for research
purposes.59−61 To investigate the in vivo antitumor effect of (+)-37 in
pancreatic cancer and compare it with that of gemcitabine, a dosage of
40 mg/kg (+)-37 was determined for in vivo experiments.
Furthermore, a lower dosage of 25 mg/kg was used for dose−
response and drug-combination evaluation. Due to the limited
solubility, a dosage of 15 mg/kg for compound 21 was established,
which is equivalent to approximately 0.375 mg in a volume of 0.2 mL
solvent for a 25 g mouse.
For the pancreatic cancer (AsPC-1) xenograft model, AsPC-1

tumor cells (5 × 106) were suspended in sterile PBS (100 μL) and
inoculated subcutaneously in the right flank of nude mice. Two weeks
after the injection of cells, when the tumors became palpable (around
100 mm3), mice were randomly divided into six groups (n = 5 per
group) and received equal amounts of solvent (ip.), (+)-37 (25 mg/
kg, ip.), (+)-37 (40 mg/kg, ip.), (+)-37 (25 mg/kg, ip.) combination
Ator (30 mg/kg, po.), 21 (15 mg/kg), or gemcitabine (40 mg/kg, ip.)
every 3 days. Tumor growth was measured through calipers, and
tumor volumes and body weight were recorded. The calculation of
tumor volumes was according to the formula 0.5 × length × width.2

After 18 days, all mice were executed, and the tumors were finely
excised for further study.
The pancreatic carcinoma PDX animal model was conducted

according to the previously described procedures.62 Briefly, human
pancreatic specimens and the corresponding nontumor adjacent
tissues were obtained from patients who had undergone a surgical
pancreatic cancer excision. Fresh tumor tissues were sterilely incised
into ∼3 mm3 pieces and inoculated subcutaneously in the right flank
of nude mice. The remaining tumor tissues were stored in liquid
nitrogen. When the tumors have successfully engrafted, tumor
samples were passaged into the third generation of nude mice for
the following studies. After 12 days, the mice were allocated into three
groups (n = 5) and received equal amounts of solvent (ip.), (+)-37
(40 mg/kg, ip.), 21 (15 mg/kg), or gemcitabine (40 mg/kg, ip.) every
3 days. After 18 days, all mice were executed and the tumors were
finely excised for further study. All experimental procedures were
approved by the Shandong University Animal Care and Use
Committee and conformed to the NIH Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011). For
human studies, the protocols were reviewed and approved by the
Research Ethics Committee of Shandong University Qilu Hospital,
and the patients were provided with written informed consent forms.
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