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The Golgi apparatus is at the center of protein processing and trafficking in normal cells. Under pathological
conditions, such as in cancer, aberrant Golgi dynamics alter the tumor microenvironment and the immune
landscape, which enhances the invasive and metastatic potential of cancer cells. Among these changes in the
Golgi in cancer include altered Golgi orientation and morphology that contribute to atypical Golgi function in protein
trafficking, post-translational modification, and exocytosis. Golgi-associated gene mutations are ubiquitous across
most cancers and are responsible for modifying Golgi function to become pro-metastatic. The pharmacological
targeting of the Golgi or its associated genes has been difficult in the clinic; thus, studying the Golgi and its role in

cancer is critical to developing novel therapeutic agents that limit cancer progression and metastasis.

Golgi secretion cancer secretome Metastasis Therapeutics and biomarkers

| 1. Golgi-Mediated Vesicular Trafficking and Exocytosis

Vesicular trafficking was described as the “intracellular highway to carcinogenesis” . Proper Golgi-mediated
trafficking in cells maintains the steady flow of proteins from the Golgi to other organelles, the cell surface, and the
EC space. Cancer cells hijack this process to exocytose proteins that eventually remodel cancer cells and their
TME for metastasis [Xl. RAB and ARF GTPases, which are frequently mutated in cancers, denote the vesicle and
organelle identity and are required for the correct delivery of vesicles to their target organelle. Specifically, the
activity of the small GTPases RAB and ARF are regulated by guanine exchange factors (GEFs) and GTPase
activating proteins (GAPs) to maintain their GTP-bound active or GDP-bound inactive states, respectively. Both
RAB and ARF proteins function through their effectors to regulate various functions, such as cargo budding, vesicle
fusion, and exocytosis [&l. Aberrant activity of GTPases or their effectors impairs vesicular trafficking in tumor cells
through incorrect localization of vesicles and is associated with altered trafficking kinetics, tumorigenesis, and
metastasis LIEI4],

RAB proteins localize to specific organelles or vesicles and their GTPase activity is required for proper vesicular
transport and fusion, while improper activation or expression of RAB proteins can help to promote cancer
progression [2. Localization of RAB40b on VAMP4-positive secretory vesicles mediates the secretion of MMP-2
and MMP-9 from the Golgi to the EC space and was shown to enhance the invasive potential of human breast
cancer cells B, Additionally, the expression of RAB27b is correlated with lymph node metastasis in ER+ breast
cancer patients as it promotes the secretion of HSP90a, where HSP90a acts as a chaperone that prompts MMP-2
cleavage and activation . This suggests that the secretion of chaperone proteins by cancer cells could also

enhance metastasis through stabilization and activation of ECM-degrading proteins. Moreover, RAB-GTPases also
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interact with cytoskeletal proteins, such as the motor proteins myosin and kinesin, to coordinate the directed
movement of the vesicles along actin filaments and microtubules, respectively, to the EC space 1. Golgi-driven
exocytosis is regulated by RAB11 vesicles interacting with MyosinVa and -Vb to promote vesicle transport !,
RAB11 has oncogenic roles in a variety of cancer types through altering vesicular trafficking, receptor recycling,
and signaling pathways that control proliferation and metastasis 229 RAB6 regulates vesicle movement by
interacting with the kinesin KIF20a 1. Through its effector PKA, RAB13 prevents actin polymerization and tight
junction integrity, thereby promoting prostate cancer 22131 However, RAB13 was also implicated in disrupting
cancer cell growth as loss of the protein inhibited junction proteins, Claudin-1 and Occludin 2. More detailed
mechanistic studies are needed to determine how RAB proteins promote cancer progression to develop

therapeutic strategies to inhibit the GTPases or their interacting partners.

Similar to RAB functions, ARFs, ARF-GEFs, and ARF-GAPs regulate retrograde and anterograde transport in cells;
hence, alterations in these proteins during cancer lead to enhanced vesicular transport, exocytosis, cellular
invasion, and metastasis 24I13], For example, ARF1 regulates Golgi exocytosis by altering cytoskeletal proteins
such as myosin and F-actin. ARF1 mediates RhoA and RhoC activity, which regulates myosin light-chain
phosphorylation and detachment of membrane-derived vesicles 1€l |t negatively correlates with breast cancer
patient survival 17, Additionally, ARF GTPases also regulate retrograde transport that eventually alters the cancer
cell secretome via a feed-forward mechanism, whereby enhanced retrograde trafficking stimulates anterograde
trafficking. For example, ARF4 functions with the COPBI protein involved in Golgi-to-ER retrograde trafficking to
enhance anterograde trafficking and breast cancer metastasis in murine models 18!, Additionally, ARF4 and COPBI
are necessary for the secretion of pro-metastatic factors, such as VEGF, CXCL1, CXCL10, and CCL20 (181191 One
of the key players in modulating retrograde transport with GTPases is the KDELR family. When KDELR binds ER
chaperone proteins that have escaped to the Golgi, it stimulates retrograde transport of these chaperones back to
the ER. This interaction of KDELR at the Golgi membrane activates Src-mediated anterograde vesicular transport,
although in an unclear way. Thus, KDELR enhances Src-mediated anterograde transport, exocytosis of MMPs,
ECM degradation, and invasion into melanoma cells 2921l These studies prompt future research to examine the
molecular mechanism behind how retrograde trafficking stimulates anterograde transport and its implications in

cancer biology.

Vesicular trafficking requires membrane fusion events, such as movement through the Golgi or upon vesicle fusion
with the PM. Membranes contain proteins, termed SNARES, that can either be on the vesicle (v-SNARE) or the
target membrane (t-SNARE). Once the v- and t-SNARES have fused, ATP is hydrolyzed by N-ethylmaleimide
sensitive factor (NSF), which interacts with soluble NSF attachment factors (SNAPSs) to release the SNARE
proteins from the newly synthesized membrane 2223, SNARE and SNAP proteins are altered in cancer cells to
promote invasion. VAMP7, which is a v-SNARE residing in the ER—Golgi membranes, co-localizes with SNAP23
and Betl, which is an ER—Golgi SNARE, to aid in MT1-MMP translocation to invadopodia in invasive breast cancer
cell lines 24231, various SNARE proteins are expressed at early or later cancer stages and were proposed for use
as biomarkers 28], Syntaxin-6 is a t-SNARE on the trans-Golgi membrane that is highly expressed in renal cell
carcinoma [Z4. Here, it interacts with microtubules to direct EGFR to the Golgi, which is required for its nuclear

translocation and activation [28. Syntaxin-6 also co-localizes with VAMP4 and ATP11B to secrete cisplatin from the
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Golgi to be released into the extracellular space in ovarian cancer cell lines 22, In synovial sarcoma cells, SNAP23
and VAMP-3 aid in the secretion of IL-6 and TNF-a, which are known to have pro-tumorigenic roles (29,
Additionally, aSNAP negatively regulates AMPK, which is a known factor in tumor progression B and promotes
disassociation of cellular junctions, which was suggested to promote invasion 2. SNARE and SNAP proteins

mediate many functions of Golgi vesicular transport to promote cancer invasion, progression, and drug resistance.

Beyond proteins involved in vesicular trafficking, Golgi-specific proteins can act as oncoproteins that have global
implications on Golgi dynamics, function, and secretion. Golgi phosphoprotein 3 (GOLPH3) is involved in regulating
directed vesicle exocytosis, cell migration, Golgi morphology and orientation, and protein glycosylation. Upon
interacting with various Golgi membrane and structural proteins, GOLPH3 forms the PI(4)P/GOLPH3/MYO18A/F-
actin complex that provides the force required for proper vesicle budding and Golgi-to-PM trafficking, whereas loss
of the complex interrupts transport. As GOLPH3 binds to both a Golgi protein, namely, P1(4)P, and a myosin family
member, namely, MYO18A, it allows for trafficking of the Golgi vesicles along actin filaments to aid secretion from
the Golgi. Hence, increased GOLPH3 expression, as observed in various cancers, including melanoma and
NSCLC, enhances anterograde trafficking from the Golgi and leads to increased exocytosis of pro-metastatic
factors, such as cytokines, growth factors, and Wnt molecules [B3I34l Additionally, Rizzo et al. showed that
GOLPHS3 can also control the trafficking and recycling of enzymes that enhance glycosphingolipid synthesis and
abundance 32, A GOLPH3-mediated increase in these enzymes upregulates cellular growth and proliferation via
mitogenic signals (2. Thus, this data indicates that, in addition to mediating trafficking, Golgi proteins might also
modulate cellular signaling. Furthermore, it can be demonstrated that two Golgi-associated proteins, namely,
inositol monophosphatase domain containing 1 (IMPAD1) and KDELRZ2, also enhance Golgi-mediated exocytosis
of MMPs to drive lung cancer metastasis. Both IMPAD1 and KDELR2 negatively correlate with NSCLC patient
survival (21, These studies imply that other proteins with functions related to increased vesicular trafficking in both
the anterograde and retrograde directions can enhance Golgi exocytosis to drive a malignant TME during

metastasis.

Furthermore, cellular conditions, such as hypoxia and nitric oxide (NO) abundance, can also regulate trafficking in
malignant cells B8B7. Hypoxia, which is the depletion of oxygen, is a key hallmark of metastasic cells (28I,
Arsenault et al. showed that under hypoxic conditions the proprotein convertase, namely, Furin, was translocated
from the trans-Golgi to the endosome and PM by RAB4 32, At the PM, Furin processed proproteins that were
involved in tumorigenesis. Interrupting this re-localization suppressed hypoxia-induced invasion of fibrosarcoma
cancer cells. Hypoxia was also shown to promote an adaptive unfolded protein response (UPR) and a suppression
of coatomer protein complex genes (COPA, COPE, and COPG), thereby hampering ER-to-Golgi trafficking via the
INK pathway 49, Additionally, oxygen levels can affect NO availability in the Golgi by modulating NO synthase
expression. NO is a critical regulator with dual functions in metastasis. It was implicated in cytotoxic death of liver,
breast, and skin tumors, but can also promote angiogenesis and intravasation in a context-dependent manner 11,
NO affects the nitrosylation of Golgi proteins, such as NSF, which is involved in fusion events; thus, delaying ER—
Golgi vesicular trafficking #2. Hence, cellular homeostasis is required to maintain normal trafficking and prevent

tumorigenesis.
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2. Golgi Orientation Governs Cell Polarity and Directional
Migration

One of the hallmarks of metastatic cells is their ability to transition from an apico-basal polarity to a front—
rear/migratory polarity, allowing them to spread from the primary tumor to secondary locations 43I, Similarly, the
Golgi regulates its orientation to alter its function, where the orientation of the Golgi, with respect to the centrosome
and microtubules, establishes the leading edge of a cell in the front—rear polarity model 24, The secretome can be
altered based on intracellular localization of the Golgi. For example, if the Golgi is closer to the cell membrane,
such as in some cancer cells, it can enhance the frequency of secretion B4, Additionally, Golgi orientation not only
controls exocytosis but also guides vesicular flow to the leading edge of the cell to prompt directional migration 4!,
The Golgi reorients to the leading edge of a cell, where migration of a cell begins, under stimuli, such as wounding
or a chemotactic gradient in normal conditions 2l It could be expected that these signals would stimulate Golgi
reorientation in cancer cells as well; however, the stimuli and mechanisms for Golgi reorientation are diverse
depending on the cancer type. For example, the small, secreted molecule gastrin, which aids in regulating gastric
acid secretion, is abnormally expressed in pancreatic cancer. Gastrin stimulates phosphorylation of paxillin, which
is a focal-adhesion-associated kinase protein, prompting Golgi reorientation to the leading edge to promote
migration of pancreatic cancer cells 28, Mutant LKB1, which is a tumor suppressor, disrupts Golgi reorientation to
the leading edge through loss of interaction with CDC42, which is a Rho GTPase, affecting polarity in NSCLC cells
(47, Enhanced trafficking and cell motility at the leading edge of a cancer cell aids in the beginning of the

metastasis process.

Several Golgi proteins are involved in altering cell polarity through their ability to regulate Golgi orientation. For
example, Xing et al. showed that not only does GOLPH3 regulate exocytosis, as previously described, but also
applies a tensile force through its interaction with PI(4)P/MYO18A/F-actin to promote a front—rear polarization by
relocating the Golgi and trafficking toward the leading edge 48, They also elucidated that this reorientation
promotes directional cell migration, invasion, and metastasis through enhanced exocytosis. Thus, GOLPH3 is a
key Golgi protein that has a multi-faceted role in regulating Golgi dynamics, further demonstrating that Golgi
functions are complex and intertwined. Another Golgi matrix protein, namely, GM130, leads to a loss of polarity
proteins, such as CDC42 and E-cadherin, when inhibited (49, Additionally, they demonstrated that GM130 is
necessary for the invasion of breast cancer cells BIBL: thus, indicating an association between Golgi proteins, cell
polarity, and cancerous behavior. Furthermore, paxillin also reorients the Golgi toward the leading edge to direct
trafficking and cell migration through interactions with the centriole and is necessary for proper anterograde
vesicular trafficking B2. In melanoma, the interaction between paxillin, focal adhesion kinase (FAK), and histone
deacetylase 6 enhanced the acetylated microtubule landscape, leading to the formation of invadopodia that
promote cell migration, invasion, and metastasis 3. The authors also showed that inhibiting this interaction may
be a possible treatment for metastatic melanoma and it suggests that Golgi orientation is regulated by proteins with
diverse functions 23!, Golgi positioning is dependent on cytoskeletal proteins, as Hela cells with knockdown of
golgin proteins, namely, GMAP210 and golgin-160, that link the Golgi to motor proteins had altered directional
secretion and migration due to random Golgi orientation despite intact microtubule and actin filaments B4l Overall,
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Golgi localization within the cell, assisted by cytoskeletal factors, can alter the direction of Golgi-mediated secretion

and promote cancer metastasis.

| 3. Morphology of the Golgi Apparatus

It is not only the orientation of the Golgi but also the structural morphology of the organelle that governs protein
secretion during metastasis. The Golgi is a dynamic organelle that alters its structure to accommodate the
physiological state of the cell. There are three main states of the Golgi—condensed, elongated, and fragmented—

between which, the organelle oscillates in a context-dependent manner in different cancers (Figure 1).

Condensed Elongated Fragmented

Figure 1. Regulation of Golgi morphology states in cancer. The Golgi oscillates dynamically between three main
defined morphological states: the condensed (left Golgi), the elongated (middle Golgi), or the fragmented (right
Golgi). Zebl-mediated EMT orchestrates Golgi condensation by repressing the epithelial miRNA, namely, miR-200,
and upregulating PAQR11. PAQR11 is a Golgi scaffold protein that mediates Golgi organization and secretion of
pro-metastatic factors. The elongated Golgi morphology is maintained via the PITPNC1-RAB1B—-GOLPH3-
MYO18A complex, where GOLPHS3 links vesicles to myosin motors and facilitates movement along actin filaments.
Additionally, other Golgi matrix proteins, namely, GM130 and GRASP65, also interact with various Golgi factors to
promote the elongated ribbon-like structures, which is necessary for cancer cell invasion and vesicular trafficking.
Loss of these matrix proteins prevents organelle stacking, thereby leading to a fragmented Golgi architecture,
which is commonly seen during mitosis. Moreover, in prostate cancer, a disrupted Golgi promotes invasion through
dysregulated vesicle interaction with RAB6A, which results in diminished interactions with myosin, MYOIIA, and

fewer fusion events.

The epithelial-to-mesenchymal transition (EMT) is one of the cellular phenomena that repositions and restructures

the Golgi to redirect traffic toward the leading edge of cells, enabling migratory and invasive behavior B2, EMT is
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hypothesized to allow cancer cells to gain the ability to disseminate from primary tumors and metastasize to
secondary locations B8I57, A |ab and others showed that metastasis-prone cells tend to be more plastic as they
transition between epithelial and mesenchymal states 58, Using NSCLC models, it can be demonstrated that this
transition is highly dependent on the negative-feedback loop between key regulators of a mesenchymal or
epithelial state—namely, ZEB1 and miRNA-200 family (miR-200)—where they promote and inhibit EMT,
respectively 58591 7EB1-induced EMT leads to compaction and polarization of the Golgi with improved ribbon
linking and cisternal stacking 2. This organization is orchestrated by progestin and adipoQ receptor family
member 11 (PAQR11), which is a scaffold for multiple Golgi-associated protein complexes that can then control
organelle structure. The upregulation of PAQR11, which is correlated with shorter survival in cancer patients,
directs and enhances protein exocytosis. In the same model, the authors show that PAQR11 also drives lung
cancer metastasis, thus indicating a possible correlation between Zebl-induced EMT, alterations in Golgi
architecture, and the metastatic secretome 2. Collagen deposition and crosslinking in the ECM are upregulated
during EMT, which, in turn, enhances integrin/FAK/Src signaling in cancer cells to promote invasion and metastasis
(571601 - Additionally, enzymes such as lysyl hydroxylases that modify collagen to allow for its cross-linking and
stabilization correlate with lung cancer metastasis and worse patient survival 1. Moreover, increased collagen
deposition also suppresses effective immune surveillance of the tumor immune microenvironment (TIME) by
leading to an exhausted CD8+ T cell state (62 Interestingly, the immune suppression was reversible upon inhibiting
collagen interactions with the T cells, leading to an enhanced anti-tumor immune response. Hence, a feedback
loop driven by EMT facilitates cellular secretion and ECM alterations that make cancer cells more malignant and

resistant to therapy.

In contrast to the EMT-regulated Golgi compaction model that enhances exocytosis and malignancy, an elongated
Golgi ribbon structure was also implicated in metastasis. GOLPH3 alters vesicular trafficking and Golgi orientation,
as previously described, and regulates Golgi morphology, where its expression elongates the organelle ribbon
structure [1263]64]65][66] Knockdown studies showed that GOLPH3 repression causes Golgi fragmentation and
prevents cancer cell spreading. This indicates that a GOLPH3-mediated ribbon-like elongated Golgi structure may
promote invasion and metastasis 4. Additionally, Halberg et al. showed that the PITPNC1-RAB1B—GOLPH3
complex regulates Golgi elongation and enhances exocytosis of pro-invasive components, such as MMP1,
FAM3C, and PDGFA, thereby driving metastatic breast, melanoma, and colon cancers [63l8]. Golgins are another
family of Golgi membrane proteins that interact with Golgi-associated proteins to maintain organelle architecture
(691 Golgin-97 facilitates Golgi tethering and vesicle formation for cytokines, including IL-10 and IL-6, which alters

the cancer secretome during metastasis 29,

The third morphology of the Golgi exists in a fragmented form, which is especially seen during mitosis in
physiological conditions. Fragmentation of the Golgi first begins in the G2 phase of the cell cycle, where individual
Golgi stacks are dissociated and then undergo fragmentation into small vesicles. These vesicles are then reformed
into the Golgi in each new daughter cell during the telophase 72 |n advanced prostate cancer cells, the
fragmented Golgi was also implicated in cancer metastasis (Figure 1). Decreased expression of the Golgi matrix
proteins—Giantin, GM130, and GRASP65—as well as a disrupted interaction between RAB6a and Myosin IIA,

promote Golgi fragmentation and carcinogenesis Z8Il74l |n addition to the previously described effects on
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trafficking, hypoxia and NO can also mediate Golgi fragmentation and cancer malignancy. Using a high-throughput
RNAI screen, previous work implicated dual-specificity phosphatase-2 (DUSP-2) in maintaining Golgi integrity,
where the loss of the protein led to Golgi disruption 2. Lin et al. further showed that hypoxia suppresses DUSP-2
expression, leading to chemoresistance and malignancy in many cancers, including colon, lung, and breast cancer
[78], Thus, DUSP-2 might be the link that connects hypoxia and Golgi fragmentation in cancer. Conversely, Lee et
al. showed that compounds that scavenge NO can also promote Golgi fragmentation and a decrease in Golgi
membrane proteins, such as SNAREs and SNAPs 78] The ability of the Golgi to dynamically shift between
different morphologies depending on the cellular context highlights the need for future studies focused on
unraveling the regulation of complex Golgi morphology and understanding how best to target Golgi structural
changes in cancer progression.
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