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The Golgi apparatus (GA) is a central hub in our cells, helping modify and move proteins and lipids. When the GA
does not work correctly, it can affect cell processes linked to cancer. This dysregulation can impact how proteins
are changed, where they go in and outside the cell, how cells use energy, or even the structure of the extracellular
matrix and the environment. That is why targeting the GA could be an appealing approach to treat cancer.

Surprisingly, there are no anticancer drugs approved that specifically target the GA.

cancer Golgi apparatus therapy nanotechnology subcellular targeting

| 1. Introduction

The Golgi apparatus (GA) is an ancient and fundamental eukaryotic organelle found in almost all eukaryotic
organisms and cell types . Situated at the vital intersection of the endocytic and exocytic pathways, the GA
assumes a pivotal role as a crucial transport center for eukaryotic cells. This organelle serves as a dynamic site for
protein and lipid modification and acts as the key orchestrator for lipid and protein sorting and as a store for several
molecules and ions 2. Given its central involvement in membrane and protein trafficking and secretion, and in the
storage capacity of second messengers (such as Ca2*), it comes as no surprise that dysregulation of GA function
is often associated with human pathologies, such as Batten’s disease ¥ or more prevalent conditions like

Alzheimer’s disease 4 or cancer &,

The GA involvement in various cancer hallmarks is of paramount importance, shaping the malignant phenotype of
cancer and tumor stromal cells (reviewed in 8). From aberrant glycosylation to enhanced secretion, the GA
apparatus orchestrates a series of intricate molecular events that can contribute to shape cancer progression. It
acts as a central hub for the modification and trafficking of cell surface and secreted proteins, allowing cancer cells
to evade apoptosis and sustain proliferative signaling. Additionally, it can promote angiogenesis and shape the
tumor microenvironment, namely by controlling extracellular matrix (ECM) composition and stromal cell behavior.
By regulating the processing and maturation of critical signaling molecules, the GA can have a profound impact on
the activation of key oncogenic pathways, thus driving the uncontrolled growth of cancer cells. Moreover, the GA
plays a crucial role in the acquisition of invasive and metastatic capabilities by cancer cells. It modulates the
synthesis and trafficking of most ECM components and of ECM-modifying enzymes such as matrix
metalloproteinases (MMPs), which are crucial enzymes involved in ECM remodeling . By facilitating the secretion
and activation of this type of protein, the GA enables cancer cells to breach the physical barriers of the surrounding

tissues B and initiate the metastatic cascade. Furthermore, the GA is involved in the dysregulated post-
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translational protein modifications, such as the glycosylation patterns, observed in cancer cells &l Aberrant
glycosylation of proteins and lipids, catalyzed by GA-resident enzymes, leads to the generation of unique
carbohydrate structures on the cell surface. These altered glycan structures play a significant role in cancer cell
adhesion, migration, and immune evasion, further fueling tumor progression and metastasis . The GA acts as a
key regulator of these glycosylation processes, thus having a profound influence on the functional properties of
cancer cells. Some less explored facets of this enigmatic organelle also have the potential to play a significant role

in influencing tumor cells by impacting signal transduction, redox regulation, and ion homeostasis.

| 2. Pharmacological Approaches
2.1. Golgi Apparatus Trafficking Disrupting Agents

The GA is a pivotal element in the secretory pathway where it participates in protein and lipid synthesis, quality
control, processing, and transport 2. The dynamic nature of this organelle implies that it is continuously built by
fusion of vesicles and, at the same time, it is used to produce new membrane structures. Vesicles arriving from the
ER and other cellular membrane components contribute to create the GA, while, at the same time, parts of this
organelle are lost to vesicle trafficking to the plasma membrane through the secretory pathway, to the ER via the
retrograde movement of GA-derived vesicles, and to other destinations. The GA receives proteins from the
endoplasmic reticulum (ER) and modifies them through glycosylation, phosphorylation, and proteolytic cleavage.
The GA also acts as a sorting center, packaging proteins into vesicles for transport to different cellular
compartments, and ensures quality control by retaining misfolded proteins for refolding or degradation. The
secretory pathway, involved in protein secretion and trafficking, plays a crucial role in cancer progression. The
dysregulation of this pathway affects important aspects of cancer cells, including sustained proliferative signaling,
the inhibition of cell death (including apoptosis and ferroptosis), the induction of angiogenesis, and the acquisition

of invasive and metastatic capabilities, and it can also modulate the amplitude and type of immune response (8.

Understanding and targeting the dysregulated aspects of the secretory pathway in cancer cells may contribute to
the development of effective anticancer therapies. In this context, ADP-ribosylation factor 1 (ARF1), a small
GTPase protein, plays a key role in the ER-GA secretory pathway by regulating vesicle formation and cargo
sorting. It controls the budding of transport vesicles from the GA, facilitating the transport of proteins and lipids to
their respective destinations 2. ARF1 can be activated by GEFs (Guanine Nucleotide Exchange Factors) by
catalyzing the exchange of GDP for GTP, enabling ARF1 to carry out its functions in the secretory pathway 2.
Brefeldin A (BFA), a macrocyclic lactone isolated from fungi, is amongst the most studied GA-dispersing
compounds. This compound hampers the interaction between members of the ARF1 guanosine triphosphatase
(GTPase) family and their associated large GEFs, leading to the tubulation of early endosomes (EEs) and fusion of
the GA with the ER 9 (Figure 1). BFA has shown antiproliferative and pro-apoptotic effects in different tumor cell
lines 112 |t also decreased the invasiveness of bladder cancer cells, an effect that could be related to an
increased synthesis of the glycosphingolipid GM3 [23. BFA, and also monensin, impact the intracellular trafficking
of proteins, contributing to anticancer effects. By blocking the trafficking of the multidrug resistance protein P-gp to

the cell surface, this protein accumulates intracellularly. In HelLa cells, such a re-localization of P-gp increased the

https://encyclopedia.pub/entry/53321 2/15



The Golgi Apparatus as an Anticancer Therapeutic Target | Encyclopedia.pub

intracellular accumulation of daunorubicin, suggesting that this could constitute a strategy to overcome multidrug
resistance [24l. Other combinatory strategies comprising BFA have been proposed. The silencing of ERGIC3 (ER-
GA intermediate compartment 3, a transmembrane protein located in the ER and GA often over-expressed in
cancer cells), in combination with BFA, additively inhibited lung cancer cell growth 13, PTEN (phosphatase and
tensin homolog on chromosome 10) knockout promotes GA extension and significantly sensitizes cancer cells to
secretion inhibitors BFA and golgicide A (GCA) 1€,
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Figure 1. ARF1 GEF interaction inhibitors. ARFs can be activated by GEFs by allowing the exchange of GDP for
GTP, enabling ARFs to control vesicular trafficking. Molecules like brefeldin A (BFA), AMF-26, and golgicide A
(GCA) hamper the activation of ARFs and consequently affect vesicular trafficking and protein transport across the
GA.

Although the interaction of ARF1 with ARF-GEFs is an attractive target for cancer treatment, BFA did not progress
beyond the preclinical stage of drug development, due to its poor bioavailability [11. Several other small-molecule
effectors of endomembrane trafficking were previously identified through large-scale chemical genetic screens,
including GCA and AMF-26 19 (Figure 1). GCA specifically targets Golgi Brefeldin A-Resistant Guanine Nucleotide
Exchange Factor 1 (GBF1), a cis-Golgi-residing ARF1-GEF 197 AMF-26, an octahydronaphthalene derivative, is
an exocytosis inhibitor that impairs the interaction between the ARF1 GTPase and its GEFs in mammals, disrupting

the cis- and trans Golgi 1829 AMF-26 showed strong growth inhibition in several cell lines (111291,

Several protein kinases play key roles in the secretory pathway at the trans-Golgi network and are generally
hyperactivated in cancer cells, contributing to cancer progression (1. Their inhibition has thus been studied as a
GA trafficking disruption strategy with potential anticancer effects. For example, IN-9, an antagonist of the
phosphatidylinositol (PI)-4-kinase 1113 (P14KIIIB), decreased cell proliferation and migration and increased apoptosis

in a model of chromosome 1g-amplified lung adenocarcinoma 22, Protein kinase D (PKD) inhibitors, such as
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CID2011756 or CRT0066101, were shown to sensitize the drug-resistant cancer cells to platinum-based anticancer
drugs 23 and to suppresses bladder cancer in vitro and in vivo (24, Despite the importance of other kinases that
are associated with the GA for the correct function of this organelle, several of these (namely, protein kinase A,
protein kinase C, and Src) are also found at other subcellular localizations where they participate in other Golgi-
unrelated pathways. The lack of a Golgi-restricted localization and activity in these cases means that an anticancer
application that requires the specific modulation of the Golgi-localized subpopulations of any of the

abovementioned kinases would be challenging.
2.2. Golgi-Milieu-Disrupting Agents

Monensin is a polyether monocarboxylic acid obtained from fermentation using Streptomyces cinnamonensin that
has been extensively described as a GA-disrupting agent 2228 (Figure 2). It binds to membranes and acts as an
ionophore, inducing cation imbalance and, in turn, leading to a rapid swelling of the GA and a perturbation of
intracellular vesicular trafficking 22281, |n addition, monensin alters the GA pH, affecting post-translational GA-
associated processes. These alterations may trigger a GA stress response leading to apoptosis. Monensin has a

potent and selective cytotoxicity to cancer cell lines with EMT-like characteristics 28],
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Figure 2. GA cation content modulators. The levels of various cations (namely, Ca%* and H*) in the GA lumen
are essential for its function. Molecules such as monensin andsSalinomycin act as cation ionophores, thus allowing
the flow of cations across the GA membrane. The inhibition of H* flow from the Golgi lumen by compounds such as
bafilomycin A1 or concanamycin A leads to the alkalinization of this organelle. Changes in GA luminal cation
concentrations affect various GA-associated processes like vesicular trafficking, glycosylation, and protein
secretion.
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Salinomycin is a monovalent cation ionophore similar to monensin, isolated from Streptomyces albus (Figure 2).
This compound is highly selective towards cancer stem cells in many cancer types, including breast, ovarian, lung,
prostate, and colorectal cancers 27[28] Multiple mechanisms and molecular targets are described to support this
activity, including mechanisms related to apoptosis, autophagy, and necrosis 2. Among such mechanisms,
salinomycin may disturb the GA, altering the expression of GA-related proteins, GA morphology, post-translational
modifications of proteins, and secretion (28]

Prodigiosin is a bacterial secondary metabolite that also exerts anticancer effects in different in vitro models (e.g.,
breast, lung, and oropharyngeal cancers), as well as in a mouse model of lung carcinoma 2. This compound acts
as an H*/CI~ symporter, leading to an alkalization of acidic organelles such as the GA. In parallel, as demonstrated
in HelLa cells, prodigiosin interferes with Golgi reassembly-stacking protein of 55 kDa (GRASP55), a protein

responsible for establishing the stacked structure of the Golgi.

GA alkalinization may also be achieved by inhibition of vacuolar H*-ATPase (V-ATPase; Figure 2). V-ATPase is
generally overexpressed in cancers and its inhibition limits the growth and metastatic properties of cancer cells B9,
V-ATPase inhibitors, such as bafilomycin A1 or concanamycin A, were shown to suppress cancer cell

proliferation and invasion, as well as to produce synergistic effects when combined with chemotherapy [E21],

2.3. Inhibitors of the Synthetic Glycosilation Machinery

The inhibition of glycosidases interferes with the biosynthesis of glycans on cell surface glycoproteins and has thus
been explored as an anticancer strategy of great interest. Some examples of glycosylation inhibitors studied as
anticancer agents are given below. Targeting the GA a-mannosidase (GM) prevents the formation of R1,6-
branched-complex-type N-glycans. However, all known potent GM inhibitors also interfere with lysosomal a-
mannosidase (Lman). The lack of selectivity of the inhibitors developed so far has precluded their clinical use 32,
Swainsonine, mannostatin A, and 1,4-dideoxy-1,4-imino-D-mannitol (DIM) are naturally occurring inhibitors of
o-mannosidase |l that are effective in nanomolar concentrations (Figure 3). Swainsonine was developed in
hydrochloride salt form, under the product code GD0039, which is orally available. This product showed significant
in vitro and in vivo antitumor activities and beneficial immunomodulatory effects. However, in a clinical trial enrolling

17 patients with locally advanced or metastatic renal cell carcinoma, no antitumor activity was observed 32,
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Figure 3. GA-glycan-processing modulators. Several steps of the glycosylation process occur in the GA.
Modulation of this process can alter glycosylation patterns and consequently protein function. Several molecules
have been initially identified as glycan-processing modulators (yellow box), and drugs used for other purposes

were also reported to possess this type of activity (red box).

Eisenberg-Lerner et al. have studied the impact of inducing GA stress in multiple myeloma cells, which are
characterized by a heavy load of glycoprotein production and secretion. Two pharmacological modulators were
used: monensin, an ionophore that neutralizes luminal pH and blocks intra-GA trafficking described above; and

lithocholylglycine (LCG), which inhibits 2—3 linkage sialyltransferase activity (Figure 3).

Through a cell-based screening assay using a small-molecule compound library, Sorensen et al. identified two
glycosylation inhibitors. The compounds NSC80997 and NSC255112 inhibited glycosylation steps at the GA,

including those involved in the formation of O-glycans, N-glycans, and glycosaminoglycans (Figure 3).

2.4. Inhibitors of Peripheral Golgi-Associated Proteins

Many gastrointestinal stromal tumors (GISTs) are caused by gain-of-function mutations in the Kit receptor tyrosine
kinase. Imatinib improves the prognosis of GIST patients, but often becomes ineffective with prolonged use
because of secondary mutations in the Kit kinase domain. Mutant Kit accumulates predominantly on the GA,
whereas normal Kit localizes to the plasma membrane (23134 Heat-shock protein 90 (HSP90) is required for the
appropriate folding of the KIT protein. TAS-116, an orally active HSP90 inhibitor, decreased GA-localized KIT in

both imatinib-naive and imatinib-resistant GIST cells (Figure 4).
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Figure 4. GA protein localization modulators. The precise location of proteins within the GA is essential for the
correct function of this organelle. Some compounds can alter the location or change the concentration of specific
GA proteins. Several molecules have been initially identified as capable of altering GA protein location (yellow box)

while drugs used for other purposes also possess this action (red box).

Other anticancer agents acting on GA are the 2-(substituted phenyl)-benzimidazole (2-PB) compounds (Figure
4). These agents displace resident GA proteins from the juxtanuclear region, resulting in their degradation. 2-PB
compounds have been shown to decrease proliferation in a variety of cell lines and suppress tumor growth in

xenograft models of human melanoma, breast carcinoma, and renal carcinoma (35],

2.5. Drug Repurposing

Drug repurposing, i.e., the identification of clinically approved drugs with known safety and pharmacokinetic profiles
for new indications, has emerged as a useful approach for the search for novel cancer treatments. Such a strategy
has also been applied to GA-targeted drugs. For example, drug repositioning plays an important role in identifying
potential inhibitors of GA mannosidases. A cell-based screen of a compound library identified three approved
drugs, tamoxifen, raloxifene, and sulindac, as potential GA mannosidases inhibitors that induced accumulation
of mannose-type N-glycan in Hela cells B8 (Figure 3). In addition, the approved drug fluvastatin inhibits the
mevalonate pathway and N-glycosylation at both the ER and GA (Figure 3). In a mouse model of post-surgical

metastatic breast cancer, adjuvant treatment with fluvastatin decreased metastasis and improved overall survival
[37]

Memantine is a non-competitive N-methyl-D-aspartate (NMDA) receptor antagonist used in Alzheimer’s disease,

which has been suggested as a potential anticancer drug (Figure 4). While its tumor-suppressive effect has been
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attributed to the blockage of the NMDA-receptor, another mechanism was recently proposed involving the Golgi

glycoprotein 1 (GLG1), an intracellular fibroblast growth factor receptor (FGFR).

Using an image-based screening platform, Gendarme et al. identified 12 novel GA-fragmentation-inducing agents,
essentially belonging to two classes of compounds: histone deacetylase inhibitors (HDACi) and DNA-damaging
agents. Panobinostat, an HDACIi used in the treatment of multiple myeloma, increases the protein trafficking rate

without negatively affecting glycosylation or GA dynamics (Figure 4).

| 3. Nanotechnological Approaches
3.1. Passive Targeting

Passive targeting to tackle cancer cells is based on the intrinsic physicochemical properties of the nanocarriers
(size and surface chemistry) and the specific features of the tumor microenvironment, including the enhanced
permeability and retention effect. This phenomenon leads to the accumulation of nanocarriers within tumor tissues,
thanks to the upregulated angiogenesis that results in an impaired vasculature 8. Passive targeting strategies
have been investigated for the delivery of a wide range of drugs, including those with a primary mechanism of

action centered in the GA, such as BFA, monensin, and salinomycin and prodigiosin.

Polymeric nanocarriers have been explored to upgrade the delivery of BFA 3349 not only because it displays poor

bioavailability 2 but also to better target the tumor tissues.

The poor aqueous solubility of salinomycin and its remarkable potency to kill cancer stem-like cells (CSCs)
triggered the development of various nanosystems to encapsulate it and to improve salinomycin biodistribution and
bioavailability, namely, polymeric micelles, nanofibers and nanopatrticles, pegylated liposomes, and nanoemulsions
[41][42][43][44][45][46] passive-targeting polymeric micelles made of PEG-b-poly(e-caprolactone) (PEG-b-PCL) to load
salinomycin were developed and combined with octreotide-modified paclitaxel-loaded PEG-b-PCL micelles as an
alternative approach to improve the treatment of breast cancer. This dual-acting strategy was effective considering

both in vitro cytotoxicity studies using the MCF-7 cell line and in vivo studies using MCF-7 xenografts 43,
3.2. Active Targeting

Active targeting is based on ligand-conjugated nanosystems that interact with molecules expressed at the surface
or specific organelles of tumor cells. Antibodies and aptamers are widely recognized as highly specific targeting
moieties. Other active strategies often explored in the field of anticancer therapy comprise ligand—receptor
interactions and peptides 28, Various active-targeting approaches have been used to specifically deliver GA-acting

drugs to cancer cells or to the specific organelle (Figure 5).
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Figure 5. Active strategies for drug nanodelivery targeting cancer cells or GA. Antibodies, aptamers, and
ligand-receptor interactions have been explored as cancer-cell-specific approaches, whereas polysaccharides

(chondroitin sulfate), peptides, and membrane camouflage have been investigated as GA-specific approaches.

3.2.1. Cancer Cell-Specific Approaches

Active targeting using antibodies was considered for the delivery of monensin and salinomycin to tumor cells.
Singh et al. 44 developed monensin-loaded liposomes functionalized with monoclonal antibodies (mAbs) targeting
the murine anticarcinoembryonic antigen (CEA), which is well known to be overexpressed in cancer cells. In vitro
experiments revealed that mAb-targeted monensin liposomes exhibited a potency 100 times greater than that of
monensin liposomes, significantly enhancing the activity of ricin immunotoxins against diverse tumor cell lines. To
specifically target human epidermal growth factor receptor 2 (HER2)-positive breast cancer cells, anti-HER2

nanoparticles were developed to deliver salinomycin.

Aptamers were also considered as an active targeting strategy for the nanodelivery of salinomycin to treat
melanoma and osteosarcoma. The salinomycin therapeutic efficacy against CSCs was the rationale to develop
lipid-polymer nanoparticles functionalized with anti-CD20 aptamers, as CD20-positive stem cells are key for the
development and metastatic behavior of melanoma. The selectivity of these nanoparticles was demonstrated and

they were more cytotoxic than the non-decorated ones.
3.2.2. Golgi-Apparatus-Specific Approaches

The central involvement of the GA in orchestrating signaling pathways governing migration, invasion, and
angiogenesis has captivated the interest of various research groups, leading to the development of GA-specific
active targeting nanoparticles based on ligand—receptor interactions, peptides, and membrane camouflage. These
nanosystems are intended to disrupt both the structural characteristics and functional aspects of the GA that

underlie metastatic processes in cancer.
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Chondroitin sulfate (CS)—a biocompatible, non-immunogenic polysaccharide—was described as an interesting
antitumor vector due to its affinity for the surface receptor CD44, which mediates the uptake by tumor cells.
Interestingly, this polysaccharide was also found to accumulate in the GA, leading to the design of nanocarriers to
selectively target the GA for cancer treatment (48149 This strategy was employed to co-deliver a chemotherapeutic
agent (doxorubicin or paclitaxel) along with retinoic acid (RA). This derivative of vitamin A was chosen because it

was observed to induce changes in the morphology of the GA.

3.3. Physical Targeting

Physical targeting encompasses stimulus-responsive nanosystems that release the cargo upon the effect of an
endogenous (pH, hydrogen peroxide concentration, redox state, and hypoxia) or exogenous (light, magnetic fields,

heat, and ultrasonic radiation) stimulus B2,

An interesting strategy proposed is a smart nanosystem that takes advantage of the acidic microenvironment of the
GA. Bovine serum albumin (BSA) nanoparticles containing a pH-responsive photothermal ablation agent (pH-PTT)
based on cyanine dyes for photothermal therapy (PTT) were developed to ultimately kill cancer cells through
hyperthermia upon incidence of light. These nanosystems preferentially accumulated in the GA of cancer cells
compared to normal cells, and thus can be specifically activated by the acidic environment of the GA in cancer
cells. This resulted in a higher photothermal toxicity towards cancer cells, as observed in vitro. In addition, a

remarkable photothermal anticancer effect was observed in HePG-2-tumor-bearing mice 11,

| 4. Conclusions

Various nanotechnological approaches have been proposed for the delivery of GA-process-modulating drugs to
cancer cells, making use of passive, active, and physical targeting strategies with successful outcomes in cellular
and animal studies. In the last 4 years, elegant targeting approaches, making use of ligand—receptor interactions,
transformable peptides, and membrane camouflage, have been suggested for the specific delivery of anticancer
compounds to the GA. This may have only been the beginning of the field of organelle-specific targeting, which
may be an asset to specifically modulate the GA functions with benefits in terms of anticancer efficacy, particularly
related to the control of metastasis and chemoresistance. Thus, it is expected that some of these approaches may
reach clinical trials in the near-future. Despite the results of the foreseen trials, questions remain regarding the
potential translation of these nanoplatforms into clinical practice as these advanced delivery systems are
associated with laborious and costly production methods. Nevertheless, the journey to develop a cost-effective,
clinical-translatable, GA-targeting nanoplatform with remarkable anticancer efficacy and proper safety profiles is

ongoing with promising initial breakthroughs.
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