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Abstract

Golgi Phosphoprotein 3 (GOLPH3, also known as GPP34/GMx33/MIDAS) represents an exciting
new class of oncoproteins involved in vesicular trafficking. Encoded by a gene residing on human
chromosome 5p13, which is frequently amplified in multiple solid tumor types, GOLPH3 was
initially discovered as a phosphorylated protein localized to the Golgi apparatus. Recent
functional, cell biological and biochemical analyses demonstrate that GOLPH3 can function as an
oncoprotein to promote cell transformation and tumor growth by enhancing activity of the
mammalian target of rapamycin (mTOR), a serine/threonine protein kinase known to regulate cell
growth, proliferation, and survival. While its precise mode-of-action in cancer remains to be
elucidated, the fact that GOLPH3 has been implicated in protein trafficking, receptor recycling
and glycosylation points to potential links of these cellular processes to tumorigenesis.
Understanding how these processes may be deregulated and contribute to cancer pathogenesis and
drug response will uncover new avenues for therapeutic intervention.

Background

Emerging evidence supports an important role for vesicular trafficking pathways in cancer.
While still in its infancy, this area of cancer research has largely focused on cancer cells'
ability to manipulate rudimentary endocytotic pathways to alter cell adhesion, migration and
growth signaling (1). In the case of the later, endocytotic pathways serve to regulate signal
transduction cascades downstream of growth factor receptors internalized from the cell
surface (2). Receptor internalization is critical for attenuating signaling from the cell surface
by decreasing the number of available receptors for a given extracellular ligand. The ensuing
sorting pathways destine cargo proteins for lysosome-mediated degradation or recycling
back to the plasma membrane for reactivation, thereby serving as an important means for
regulating homeostasis in receptor signaling. Given their importance in maintaining a
balance in growth factor signaling, it is reasonable to expect that deregulated receptor
trafficking might provide a mechanism to promote oncogenesis, either through delaying
receptor internalization, favoring recycling over degradation or enhancing
compartmentalized signaling at vesicles. Indeed, the identification of several bona fide
oncoproteins functioning in endocytotic pathways supports a role for aberrant trafficking in
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the development of cancer. One of the earliest known examples of an endocytotic protein
with transforming activity is Huntingtin interacting protein-1 (HIP1), a cofactor involved
with clathrin-mediated endocytosis, over-expression of which alters clathrin trafficking
leading to delayed endosome-mediated degradation of receptor tyrosine kinases (RTK) and
prolonged downstream signaling through the MAPK and PI3K pathways (3,4). The
significance of HIP1 up-regulation is further evidenced through its correlation with poor
clinical outcome in a variety of epithelial and lymphoid malignancies (5,6,7). Other genes
involved in vesicular trafficking have been shown to be directly targeted for amplification in
the cancer genome. Among those is RAB25, a small GTPase whose protein family are
primary regulators of intracellular protein trafficking pathways (8). RAB25's role in cancer
was originally discovered using an integrated genomics approach to identify recurrent
amplifications in breast and ovarian carcinoma (9), and subsequent work has documented
RAB25 over-expression in numerous epithelial cancers in a manner consistent with
increased tumor stage and aggressiveness (10). Using a different genomics approach, Zhang
and colleagues identified RAB-coupling protein (RCP/RAB11FIP1) as a target of 8p11-12
amplification in breast cancer (11). RCP is an effector of RAB GTPases that include RAB11
(12,13), interaction with which facilitates endocytic protein sorting and enhances receptor
recycling (14). Similar to RAB25, modulation of RCP levels elicits an array of pro-
proliferative and oncogenic phenotypes that include cell proliferation, anchorage-
independence, cell migration and tumor growth. Despite these and other advances in
identifying endocytotic pathway components that are deregulated or genomically targeted in
cancer, altered protein trafficking remains a relatively understudied area of tumorigenesis.

Recently we described a gene discovery approach based on comparing array comparative
genomic hybridization profiles of multiple tumor types to prioritize common copy number
alterations that are hence more likely to be pathogenetically relevant (15). This analysis
identified frequent regional amplification at 5p13, and fluorescence in situ hybridization on
tumor tissue microarrays confirmed amplification in multiple tumor types that include
breast, colorectal and non-small cell lung cancer (NSCLC) among others. Detailed mapping
of one focally-amplified melanoma specimen delimited an informative minimal common
region (MCR) of gain comprised of four genes (GOLPH3, MTMR12, ZFR, and SUB1). We
showed that 5p13 copy number status was significantly correlated with gene expression of
two genes (GOLPH3 and SUB1) in human lung cancer specimens, and subsequent
functional studies (RNAIi knockdown and cDNA over-expression) of both genes pointed to
GOLPH3 as one gene likely targeted for activation in cancers with 5p gain. Specifically,
depletion of GOLPH3 abrogates transformation and tumor cell proliferation in GOLPH3-
amplified cell lines, and conversely, GOLPH3 over-expression drives transformation of
primary cell lines and enhances mouse xenograft tumor growth in vivo. Biochemical and cell
biological studies revealed that GOLPH3 physically interacts with the VPS35 subunit of the
retromer protein recycling complex and enhances signaling through mTOR, which integrates
input from multiple signaling pathways to control cell growth, proliferation and survival
(16). Importantly, 5p13 copy number correlates with increased phosphorylation of the
MTOR substrate p70 S6 Kinase in NSCLC tumor specimens, which further links GOLPH3
function to mTOR activity. When transplanted into immunodeficient hosts, human tumor
cell lines over-expressing GOLPH3 not only develop tumors faster than control, but also are
markedly more sensitive to rapamycin, a potent inhibitor of mTOR (17), providing
pharmacological proof that GOLPH3's pro-tumorigenic activity is mediated through mTOR
signaling. This also raises the possibility that GOLPH3 expression level or copy number
status may serve as a predictive biomarker for sensitivity to mTOR inhibitors. While the
precise mechanistic basis for GOLPH3's activity on mTOR signaling remains to be fully
elucidated, several lines of evidence suggest that GOLPH3 plays a role in vesicular
trafficking and protein glycosylation pathways.
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GOLPH3 is a highly conserved 34KDa protein initially identified through proteomic
characterizations of the Golgi apparatus (18,19). These efforts found GOLPH3 to be a
peripheral membrane protein primarily enriched at the trans face of Golgi cisternae.
Moreover, GOLPHS3 is highly post-translationally modified, having numerous predicted
phosphorylation and myristylation modification sites that possibly influence the protein's
activity or localization (18). Detergent partitioning assays suggested that GOLPH3 is
dynamically associated with the Golgi, localizing at the Golgi membrane as well as in a
cytosolic pool. Cell-based assays confirmed GOLPH3's ability to rapidly exchange between
cytosolic and Golgi-associated pools, and the protein was additionally found to associate
with tubules and vesicles leaving the Golgi (20). Complementary vesicle budding assays
indicated that GOLPH3 associates with vesicles in a manner promoted by ATP and, similar
to other Golgi-bound proteins whose localization is regulated by GTPases, GOLPH3 can be
sequestered to vesicles through use of non-hydrolizable GTP analogs (20). The same authors
additionally found GOLPH3 to localize to peripheral structures that include endosomal
compartments and the plasma membrane, which suggests that GOLPH3 may traffic to these
structures hence facilitating cargo sorting from the Golgi. This hypothesis is supported by
work in Saccharomyces cerevisiae, where deletion of the yeast homolog of GOLPH3,
VPS74, resulted in defective trafficking and secretion of vacuolar proteases (21).
Furthermore, mutations in VPS74 result in synthetic growth defects when combined with
mutations in GET1/GET2 and RIC1/YPTS, all components of protein transport complexes
(22,23).

GOLPH3's potential role in trafficking is further supported by its interaction with
phosphatidylinositol-4-phosphate (PtdIns(4)P) (24,25), which is a phosphatidylinositol lipid
molecule whose synthesis is catalyzed by Ptdins 4-kinases (P14K) (26). PtdIns(4)P is found
in most subcellular locations (27) and is known to play important roles in Golgi function
(28). GOLPHS3 co-localizes with Ptdins(4)P at the Golgi, tubules and vesicles, and direct
binding of GOLPH3 to PtdIns(4)P is required for GOLPH3's localization and normal
vesicular sorting. This is reinforced by the recent finding that Pik1, the sole Golgi-localized
P14K in S. cerevisiae, is required for targeting Vps74 to the Golgi in yeast (25). Wood and
colleagues additionally solved the x-ray crystal structure of human GOLPH3, which allowed
for prediction of a putative PtdIns(4)P-binding sites that when disrupted leads to grossly
mislocalized GOLPH3 protein and disrupted trafficking. This later finding is consistent with
other studies showing that over-expression and depletion of Pl4-kinases, which catalyzes
formation of PtdIns(4)P, can increase and decrease Golgi to plasma membrane sorting,
respectively (29,30). In addition to the trafficking defects, Dippold and colleagues also noted
an altered Golgi architecture upon GOLPH3 depletion (24). The change in Golgi
morphology likely results from GOLPH3's interaction with the unconventional myaosin,
MYO18A, which links GOLPH3 to the actin cytoskeleton. Moreover, the authors suggest a
model whereby GOLPH3 binds to PtdIns(4)P, MYO18A and F-actin to form a complex
required for maintaining a tensile force necessary for Golgi architecture and vesicular
trafficking. Collectively, these data point to a role for GOLPH3 in maintaining Golgi
function and protein sorting pathways.

Similar to RAB25 and RCP (9,11,31), GOLPH3 enhances downstream growth signaling in
response to RTK activation (15). Possible explanations may derive from the finding that
GOLPH3 interacts with VPS35, a component of the retromer complex that participates in
endosomes-to-Golgi trafficking of transmembrane cargo (15,32,33). Proper retromer
function has been shown to be required for Wnt signaling during development in five recent
studies (34,35,36,37,38). Briefly, it was shown that inhibition of retromer function through
depletion of VPS35 destabilizes Whntless by impeding its recycling following internalization,
and retromer-mediated recycling of the Wntless receptor is essential for proper secretion of
the Wnt morphogens. Given the well-recognized role of Wnt signaling in cancer (39), it is
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reasonable to speculate that the deregulation of retromer function via GOLPH3 (and its
interaction with VPS35) may impact on function of Wnt and other cell-surface receptors,
particularly the RTKSs, leading to its cancer-relevant activities. This is supported by the
finding that sorting nexin-1 (SNX1), a component of the mammalian retromer complex, is
important for transport of epidermal growth factor receptor (EGFR) (40). Moreover,
depletion of Drosophila VPS35 was found to inhibit endocytosis of several transmembrane
proteins that include the Toll receptor, EGFR and the PDGF and VEGF-receptor-related
receptor (PVR) with concomitant increase in plasma membrane localization and
correspondingly increase in signaling via downstream components promoting cell
proliferation (41). These observations together raise the possibility that GOPLH3 may
function with VVPS35 to regulate receptor recycling of key surface molecules thus
influencing downstream signaling.

A primary function of the Golgi apparatus involves the processing and trafficking of
glycosylated proteins and lipid molecules. Another route through which GOLPH3 might
regulate signaling stems from two recent reports identifying a function for the yeast
homolog (Vps74) in regulating Golgi-localization of protein glycosyltransferases (42,43).
Both studies found that VVps74 interacts with cytosolically-exposed N-terminal tails of
protein glycosyltransferases thereby anchoring the enzymes at the Golgi and ultimately
regulating glycoprotein processing. These findings are supported by the work of Wood and
colleagues, who showed that PtdIns(4)P-binding site mutations (discussed above) in VPS74
phenocopied the glycosyltransferase anchoring defect observed in VPS74-deleted cells and
led to secretion of under-glycosylated proteins (25). These observations are of interest given
that altered glycosylation is a hallmark feature of tumorigenesis (44). Glycan structures are
well-known markers for tumor progression and are associated with numerous pathological
events in cancer that include cell growth, adhesion, migration and invasion, immune
recognition and signal transduction. In the case of signal transduction, it is noteworthy that
glycosylation has been proven important for growth factor-activation of transmembrane
receptors (45). For example, the RTK epidermal growth factor receptor (EGFR) contains
multiple glycan moieties (46), and glycosylation at these residues is necessary for both
EGFR sorting and subsequent ligand binding (47,48). Moreover, Golgi glycosyltransferase
activity can alter endocytosis of transmembrane receptors, which can lead to altered
sensitivity to receptor ligand (44). In the case of EGFR, modified N-glycosylation sequesters
EGFR at the plasma membrane by resisting internalization thereby resulting in prolonged
responsiveness to growth factor (49). Future work will be required to determine whether
GOLPH3 modulates glycosyltransferase retention and/or receptor internalization in
mammalian cells, and more importantly whether these processes provide a mechanism to
regulate the mTOR signaling response mediated by GOLPH3.

Clinical-Translational Advances

While the studies reviewed here offer initial insight into GOLPH3's function, much work is
still needed to determine how this protein influences malignant transformation and cell
growth (Figure 1). It will be important to determine whether association with the retromer
complex is required for GOLPH3-mediated signaling through mTOR, a finding that would
obligate much more comprehensive examination of retromer function in cancer. Compelling
work in S. cerevisiae (50) already support an mTOR-retromer link. Using a proteomics
approach, the yeast mTOR orthologs (TOR1 and TOR2) were found to associate with
multiple regulators of endocytosis in unique membrane fraction isolates. Subsequent genetic
analyses using cells mutated for components of the TOR complexes 1 and 2 (TORC1 and
TORC?2) revealed many synthetic interactions between TORCL1, which is the rapamycin-
sensitive TOR complex, and regulators of receptor-mediated endocytosis. Based on these
findings, the authors defined a genetic network for TORC1 and endocytosis genes, leading
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to identification of key vesicular transport genes. Remarkably, two of the top four scoring
hits were VPS29 and VPS35, both of which are retromer subunits additionally shown to
exhibit synthetic growth defects when mutated in TOR1-deleted cells. Moreover, the authors
discovered that TOR1/2 associates with endosome-like compartments, and inhibiting
TORC1 by rapamycin treatment significantly delayed endocytosis thus further supporting a
novel connection between TOR and vesicular trafficking.

In addition to follow-up studies examining GOLPH3 and retromer-mediated mTOR
signaling, it will also be important to assess the relevance of GOLPH3's PtdIns(4)P-binding
activity in the context of cancer signaling, which may offer clues to whether GOLPH3's
oncogenic activity requires recruitment to the Golgi or stems from Golgi-independent gain-
of-function activities outside of the Golgi. Along these lines of reasoning, it is worth noting
the emerging importance of “non-Golgi pools” of PtdIns(4)P at the plasma membrane and
other non-Golgi membranous structures (28). Brought about by spatially-distributed P14K
isoforms (27), these non-Golgi PtdIns(4)P pools have been tied to vesicular trafficking,
degradation and recycling. When coupled with GOLPH3's interaction with Ptdins(4)P and
association with endosomes and the plasma membrane, these findings together suggest that
GOLPH3 may provide a functional role away from the Golgi. GOLPH3's tight association
with PtdIns(4)P also warrants a more careful examination of PI4K activity in cancer,
including the screening of tumor specimens for cancer-relevant mutations in PI4K family
members. Given the finding that disruption of VPS74 impairs glycosyltransferase docking
and results in under-glycosylation of secreted proteins, it will also be important to determine
whether GOLPH3's oncogenic activity occurs by way of mediating glycosylation changes on
cancer-relevant molecules. In this scenario GOLPH3 may exert its influence on mTOR
signaling by an indirect means, perhaps by hyper-activating an upstream regulator of mMTOR
through increased glycosylation, rather than direct association with the mTOR itself. Last
but not the least, it will be of great interest to assess human GOLPH3's broader impact on
total glycan structures given VVps74's important role in regulating Golgi glycosyltransferases,
potentially revealing new insights on how glycans influence host-tumor interactions and
tumor progression.

In addition to examining GOLPH3's potential roles in regulating protein trafficking and
glycosylation pathways, insight into the role of its phosphorylation may provide clues into
its regulation and function. Future work should also include a careful examination of the
protein's expression in cancer. It will be especially important to measure GOLPH3's
expression in the context of mTOR-inhibition to test GOLPH3's potential utility in
predicting response as suggested by pre-clinical studies in mice (15). Additional positive
findings in this regard would warrant assessing GOLPH3 copy number or expression status
in cancer clinical trials using rapamycin-related analogs, response to which have been for
the most part disappointing (17).

In summary, GOLPHS3's role in vesicular trafficking and glycosylation, against the backdrop
of its proven oncogenicity, has charted new paths to elucidating how these cellular pathways
can influence malignancy. Components making up these pathways might represent novel
therapeutic targets against cancer; therefore, additional insight into GOLPH3's biological
activity may ultimately serve as an entry point to translate modifiers of these pathways into
clinical endpoints
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Figure 1. lllustration depicting possible routes for GOLPH3-mediated oncogenic signaling
Following ligand-binding, cell surface receptors such as receptor tyrosine kinases (RTK) are
destined for internalization for receptor recycling or lysosome-mediated destruction.
GOLPHS3 localization to the Golgi apparatus and likely other non-Golgi structures is
dependent on its interaction with PtdIns(4)P, synthesis of which is requires one of four
mammalian Pl4-kinases (P14Klla/B) spatially distributed at the Golgi, ER, plasma
membrane, and endosomes (27). Over-expression of GOLPH3 exerts its gain-of-function
effect on signaling through mTOR complex 1 and 2 (MTORC1 and mTORC?2), possibly by
way of delaying receptor internalization or enhancing receptor recycling. Alternatively,
GOLPH3's role in glycosyltransferase anchoring may influence signaling through enhanced
glycosylation/altered secretion of cancer-relevant glycoproteins (GP) participating in
signaling events upstream of mMTORC1/2. Abbreviations: EE, early endosomes; RE,
recycling endosome; MVB, multivesicular body; Lys, lysosome; TGN, trans-Golgi network;
ER, endoplasmic reticulum; PM, plasma membrane.
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