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The dynamic O-GIcNAc modification of intracellular proteins is an important nutrient sensor for integrating
metabolic signals into vast networks of highly coordinated cellular activities. Dysregulation of the sole enzymes
responsible for O-GIcNAc cycling, O-GlcNAc transferase (OGT) and O-GIlcNAcase (OGA), and the associated

cellular O-GIcNAc profile is a common feature across nearly every cancer type.
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| 1. Introduction

O-linked N-acetylglucosaminylation (O-GIcNAcylation) is an essential post-translational modification (PTM) that
dynamically regulates numerous protein functions in response to nutrients and stress . Interestingly, only a single
pair of human enzymes maintains the homeostasis of this modification: O-GIcNAc transferase (OGT) and O-
GlcNAcase (OGA) RIBIHIEIS OGT transfers the GIcNAc moiety from the sugar donor UDP-GIcNAC to the serine or
threonine residues of protein substrates (Figure 1). On the contrary, OGA removes the sugar moiety from O-
GlcNAcylated substrates (Figure 1). This reversible O-GIcNAc cycle dynamically modulates protein stability,
enzymatic activity, protein—protein interactions (PPIs), and the crosstalk with other types of PTMs & To date,
thousands of O-GlcNAcylated proteins have been identified and they play important roles in remarkably diverse
cellular processes, including transcription, translation, apoptosis, cell cycle, protein transportation, mitochondrial
function, and signal transduction (810 Notably, dysregulation of OGT, OGA, and the associated cellular O-
GIcNAc profile is commonly detected in all cancers L, For instance, upregulated OGT and O-GIcNAcylation are
intimately associated with nearly every cancer-related phenotype, ranging from cell proliferation, epithelial-
mesenchymal transformation (EMT), angiogenesis, to metastasis 112213114 Emerging evidence also shows that
OGT is involved in regulating/activating cancer stem cell potential and resistance in anti-cancer treatments 14115
(161 On the other side, both up- and down-regulation of OGA protein levels have been observed in different types
and grades of cancer [LZ18I19120] Flevated activity of OGA was also detected in cancer 1. Furthermore, anti-
cancer drugs combined with OGA inhibition using small molecule or genetic approaches have shown synergic
inhibitory effects on tumor progression (2212311241 More interestingly, a significant correlation between the
expression levels of OGT/OGA and the grade/stage of tumors or prognosis has been discovered, promoting
mechanistic investigations of these enzymes in cancer [11[23]126] |n general, the abnormal functions of OGT/OGA

can make profound impacts on many biological processes, such as metabolic reprogramming,
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transcription/epigenetic regulation, inflammation, and stress response [ZZ128112913081] These dysregulations, often
amplified through a large repertoire of O-GIcNAcylated proteins, fuel cancer malignancies and accelerate disease
deterioration. These findings raised significant interest in targeting O-GIcNAc cycling enzymes (OGT and OGA) as
a potential new anti-cancer strategy. In the past decade, genetic perturbation and the active-site inhibitors of these
two enzymes have been widely used to gain fundamental understanding of their roles in normal and disease
conditions, and to evaluate their potential for therapeutic development. Exciting progress has been made; however,
significant challenges have also become apparent. One of the main challenges is that OGT and OGA are essential
enzymes; prolonged knockdown or knockout of either of them leads to embryonic lethality or deterioration of organ
functions 221331 |nhibition of OGT/OGA's catalytic site brings similar concerns about unpredictable side effects due
to the perturbation of global O-GlcNAcylation B4I83I38I37] |n addition, the non-catalytic functions of OGT and OGA
have been recently reported to regulate cell proliferation and tumor cell growth, respectively, indicating that their
active-site inhibition may not be sufficient to halt cancers derived from the aberrant non-catalytic functions of O-
GlcNAc cycling enzymes 181381 Hence, there is a critical need to explore new strategies to target OGT/OGA. To
develop such new strategies, a better understanding of how OGT and OGA interact with other proteins (e.g.,
substrates or non-substrate partners) through regions outside of their immediate catalytic sites would be essential.
This knowledge will not only aid in defining the malfunctions of OGT/OGA in complex diseases such as cancer, but
also facilitate the development of novel strategies to manipulate the interactions of these enzymes and a subset of

proteins without global O-GIcNAc perturbation-induced side effects.
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Figure 1. O-GIcNAc cycling enzymes (OGT and OGA) catalyze the reversible protein O-GIcNAcylation. OGT: O-
GlcNAc transferase. OGA: O-GIcNAcase. UDP-GIcNAc: uridine diphosphate N-acetylglucosamine.

Perturbed PPIs in cancer (cancer-specific PPIs) is one of the key factors in cancer development B2, Mapping PPIs
has provided invaluable insights into the pathophysiological mechanisms in multiple types of cancer 2%, Moreover,
aberrant PPIs are arising as new targets for the development of novel cancer therapy. As many PPI inhibitors have
entered clinical trials or applications, this has become an important strategy to impede malignant cancer
programming with minimal toxicity ¥, Given the manifold functions of O-GIcNAc cycling enzymes, deciphering
their roles from a PPI perspective promises fruitful discoveries and may open new doors for cancer therapeutic
interventions. Compared to many other cancer-related proteins (e.g., BCL2, p53, etc.), the protein interactions of
OGT/OGA have been significantly less explored, potentially restricted by their transient protein interactions with

many O-GlcNAcylated substrates and a lack of a conserved recognition motif 42,
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2. Structural Insights of O-GIcNAc Cycling Enzymes as
Potential Multi-Interface Hubs for Regulating Complex PPI
Networks

Analyses using interdisciplinary approaches, including structure, bioinformatics, and multi-omics, have greatly
accelerated our understanding of cancer-specific PPI interface properties and topological features. For example,
intrinsically disordered regions (IDRs), which play a pivotal role in modulating the plasticity of PPI networks, were
found to be significantly enriched in cancer-specific PPIs in the human proteome 3. Interestingly, a recent study
found that protein hubs in cancer-specific PPIs tend to possess more distinct binding sites for various protein
partners than non-cancer related proteins 44!, These findings indicate that cancer-specific hubs may have acquired
unique structural features to coordinate diverse modules for maintaining the high plasticity and complexity of
cancer networks. Of particular interest here, OGT and OGA are potential multi-interface hubs in PPIs, in agreement
with their capability to accommodate remarkably diverse protein substrates and the fact that O-GIcNAcylation is
often detected in the disordered regions of proteins 42, While still far from a complete understanding of the protein
recognition mechanisms of OGT/OGA, the structural features discussed below start to reveal the molecular basis
underlying the selectivity and plasticity of their protein interactions, supporting that the O-GIcNAc cycling enzymes

are essential regulators of the dynamic, scale-free PPI networks in cancer.

3. Systematic Analyses of OGT/OGA Associated PPI
Networks in Cancer

O-GIcNAc cycling enzymes (OGT and OGA) operate their functions by interactions with other biomolecules. The
multiprotein complexes of OGT/OGA are of fundamental importance to decipher their roles in various biological
processes. As previously reported that aberrant PPIs underlie the etiology of cancer, decoding the molecular
connections of dysregulated OGT/OGA—protein networks in cancer will be important for therapeutic innovations
(48] To date, rapidly accumulating knowledge of O-GlcNAcylated proteins, and a few high-throughput studies of
OGT interactions including the analyses using protein microarray in vitro 22 and the quantitative proteomics in
mouse embryonic fibroblast (MEF) cells (48], have enabled the establishment of a massive compendium about the
OGT interacting proteins (OGT-PIN) 22 Less information about OGA binding partners has been disclosed:
however, a potential high-level of overlap may exist between OGT— and OGA—-substrate interactions. Despite these
propitious findings, only a few systematic analyses of OGT/OGA-associated PPl networks have been reported in

cancer models.

The profiling of OGT/OGA-associated PPls in cancer cells typically apply affinity purification or proximity
biotinylation coupled with quantitative LC-MS/MS analysis (AP-MS or BiolD-MS) BB, For instance, the functions
of mOGT in breast cancer cells have been investigated through its interactomes 2. Compared to ncOGT, the
relatively short TPR region (9 instead of 13.5 TPRs) and the unique mitochondrial localization imply that mOGT
may form a PPI network different from ncOGT. This is in agreement with the distinct substrate profiles and cytotoxic
effects of mOGT observed in mammalian cells B354, Following endogenous ncOGT knockdown and HaloTag-

mOGT affinity purification from mitochondrial fractions, more than 40 mitochondrial proteins have been identified as
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mOGT binding partners in at least two different breast cancer cell lines compared to HaloTag control B2, These
proteins participate in almost every aspect of mitochondrial functions, including mitochondrial transport, respiration,
translation, fatty acid metabolism, apoptosis, and mtDNA processes. This finding is also in line with the observation
in cervical cancer HelLa cells that mOGT contributes to mitochondrial structure and function, as well as cancer cell
survival B3, Surprisingly, a few nuclear proteins were also detected as mOGT binders. This implicates potentially
distinct roles of different OGT isoforms in cancer cells. While these discoveries on mOGT—protein interactions are

informative, further analyses will be needed to define cancer-specific PPIs of mOGT.

Protein interactions with O-GIcNAc cycling enzymes consist of transient or weak interactions. The recently
developed proximity biotinylation (BiolD) technique is well-suited for this type of detection 1l It was applied to
investigate OGA-mediated oxidative stress response in osteosarcoma U20S cells B8l |n this study, ectopic
expression of OGA fused with biotin ligase mBirA can biotinylate proteins bound or in proximity to OGA. The
changes of OGA—protein interactions in response to H,O,-induced oxidative stress were identified by LC-MS/MS
detection of biotinylated proteins. As a result, dozens of OGA binding partners have been identified as significantly
regulated, including fatty acid synthase (FAS), filamin-A (FLNA), heat shock cognate 70-kDa protein (HSC70), and
OGT. Interestingly, biochemical analyses further revealed that the interaction with FAS suppressed OGA's catalytic
activity and modulated the stress adaptation of cancer cells. Using the AP-MS approach, another study identified
OGA-protein interactions in HelLa cells 18 showing significant enrichment of cellular functions, such as RNA
splicing, mRNA processing, cytoskeleton organization, intracellular transport, and mitosis (GO term analysis of the
data from Table S1 in 28 using DAVID BAE8))  Intriguingly, many of these OGA PPI functions were absent in the
OGA pHAT domain mutant (Y891F), except for RNA splicing and mRNA processing (GO term analysis of the data
from Table S2 in 8 using DAVID), suggesting that the pHAT domain is indispensable for maintaining the integrity
of OGA PPI networks. Notably, the same study also found that OGA was upregulated in many types of cancer and
drove aerobic glycolysis and tumor growth by inhibiting pyruvate kinase M2 (PKM2). Further experiments
suggested that the activity of PKM2 was dysregulated by OGA complex-associated acetylation and O-
GIcNAcylation under cancer-related high glucose conditions. Overall, these studies have begun to uncover the
abnormal PPIs of OGT/OGA in cancer models. With advances in proteomics and bioinformatics, the researchers
envision that the systematic analyses of protein interactions with OGT/OGA (not restricted to O-GlcNAcylated
proteins) will identify new, cancer-specific PPIs and help define the oncogenic properties of these O-GIcNAc

cycling enzymes in cancer biology.

4. Dysregulated Protein Functions by Rewired OGT/OGA
Protein Networks in Cancer

PPIs are the frameworks for signal transmission in conducting cellular events. The broad-spectrum effect of O-
GlcNAcylation suggest that OGT/OGA PPIs regulate the spatiotemporal communication of many biological
processes. Analysis of all reported interacting partners of human OGT/OGA in the curated databases, OGT-PIN
(high-stringency partners) #2 and PINA B2 demonstrated diverse molecular characters, including nucleotide

binder, kinase/phosphatase, E3 ubiquitin ligase/deubiquitinase (DUB), and cytoskeleton (Figure 2a). Herein,
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abnormal OGT/OGA networks can affect proteins at multiple levels, including PTM, conformation, and association
with other biomolecules, which consequently modulate the enzyme activity, protein stability and transportation,
among others &, Below, the researchers highlight a few representative examples, in which the OGT/OGA-
protein interactions have been validated by orthogonal methods, such as immunoprecipitation, to demonstrate the
diverse molecular impacts of these PPIs on the malignant programming of cancer cells (Figure 2b). These studies
illustrate that O-GIcNAc cycling enzymes can form divergent protein complexes with substrates and/or non-
substrate partners and execute multifunctional roles in cancer. While most studies were focused on OGT, it is likely

that OGA could apply similar mechanisms.
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Figure 2. The diverse molecular impacts of protein interactions with O-GIcNAc cycling enzymes. (a) Classification
of reported OGT/OGA binding partners in cancer. The information of OGT and OGA binding partners was from
database OGT-PIN (high-stringency interaction proteins) and PINA, respectively. The binding partners were
categorized using the databases AnimalTFDB 3.0 8%, KinMap €11, DEPOD (62 UbiBrowser 2.0 631, UbiNet 2.0 4],
RBP2GO [63l and gene ontology (GO term: cytoskeleton) from DAVID 8. The venn diagram was generated from
http://biocinformatics.psb.ugent.be/webtools/Venn/ (accessed on 15 October 2022). RBP, RNA binding protein; TF,

transcription factor; E3, E3 ubiquitin ligase; DUB, deubiquitinase. (b) Different molecular mechanisms underlying
the protein interactions with O-GIcNAc cycling enzymes in dysregulating protein functions in cancer cells (OGT is

shown as an example).

4.1. Altered Cellular Localization and Protein Stability of O-GIcNAc Cycling
Enzymes

The chromatin association of OGT and OGA has been detected in different types of cells, which is consistent with
their essential roles in transcription and epigenetic regulation 81871, Some binding partners/substrates of OGT
have been found to assist the recruitment of OGT to promoter regions [EZIB8IEAA7I72] One of the most studied
partners is mSin3A, an isoform of mammalian Sin3 that serves as a scaffold for histone deacetylase complexes in
gene regulation 2!, In hepatoma HepG2 cells, mSin3A interacts with the OGT N-terminal TPR region and recruits
it to the promoters for transcriptional repression [l This example demonstrates that PPIs modulate OGT
translocalization and its associated epigenetic functions. On the other hand, aberrant protein interactions in cancer
cells can alter the stability of O-GIcNAc cycling enzymes, which may further dysregulate their PPl networks and
affect cancer cell growth. In a surprising discovery, histone demethylase LSD2 was found to act as an E3 ubiquitin
ligase, to directly interact with OGT, and to induce its ubiquitin-dependent proteasomal degradation 4. While the
O-GIcNAcylation status of LSD2 remains unknown, the interaction of LSD2 and OGT displayed an anti-growth
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effect in lung cancer A549 cells by reducing the stability and protein level of OGT. Another OGT interactor with E3
ubiquitin ligase activity is the X-linked inhibitor of apoptosis protein (XIAP) (I3, In colon cancer HCT116 cells, XIAP
directly interacts with OGT and induces its proteasomal degradation. More interestingly, XIAP can be O-
GlcNAcylated, and the modification is essential for the E3 ubiquitin ligase activity of XIAP toward OGT specifically,
but not other protein substrates in HCT116 cells. Thus, O-GIcNAcylated XIAP suppresses cancer cell growth and
invasion by degrading OGT. However, significantly reduced OGT would downregulate O-GlcNAcylation of XIAP.
This reciprocal modulation is an elegant example showing how cancer cells control the stability/level of O-GIcNAc

cycling enzymes through specific protein interactions.

4.2. Effects on the Direct Binding Partners/Substrates of O-GIcNAc Cycling
Enzymes

Aberrant interactions with O-GIcNAc cycling enzymes can modulate the O-GIcNAcylation of binding partners,
leading to altered protein stability, localization, and functionality 22, This is a prevailing mechanism of the
abnormal OGT/OGA networks underlying cancer development, also in line with the fact that O-GIcNAcylation is
essential for transcription and translation, which are often reprogramed in cancer 824, As previously reported, O-
GlIcNAcylation of many transcription factors, such as Sp1 8, FOX01 2, p53 Y and NF-«B Bl can upregulate
their activities in cancer cells by increasing their protein stability and nuclear translocation. The molecular
mechanisms usually involve aberrant OGT—protein-association and the resulted O-GIcNAcylation that may alter the
assembly of multiprotein complexes (Figure 2b). A typical example is the notorious cancer promoter, SIRT7, which
is a member of the NAD*-dependent deacetylase Sirtuin family 2. OGT was detected in complex with SIRT7 in
different pancreatic cancer cell lines B3, The interaction occurred through the C-terminus of SIRT7 and the TPR
region of OGT, inducing O-GIcNAcylation and facilitating the stabilization of SIRT7 by interfering its interaction with
REGYy proteasome. Elevated SIRT7 deacetylated the lysine 18 of histone H3 (H3K18), promoted the enrichment of
SIRT7 at the promoters, and inhibited the expression of tumor suppressors to fuel cancer progression. In another
example, the ribosomal receptor for activated C-kinase 1 (RACK1), an important component of the 40S ribosome
subunit, was identified to interact with OGT in hepatoma cells B4, O-GlcNAcylated RACK1 showed significantly
higher stability and ribosome localization, and more importantly, promoted its association with another kinase
PKCBII, which is an essential signaling molecule for RACKL1 initiated translation. The RACK1/PKCpII complex
stimulated the translation and expression of several oncogenes, driving hepatocellular carcinogenesis. Rewired
protein networks of OGT have also been reported for the oncogene YAP, which is a transcription factor in Hippo
signaling 82, Abnormally activated Hippo pathway and YAP-stimulated gene expression give rise to uncontrolled
cell growth and tumor formation 8. In contrast, YAP phosphorylation by kinase LATS1 increases its cytoplasmic
translocalization and degradation, leading to negative regulation of Hippo signaling [BEIE7] |nterestingly, YAP was
found to interact with OGT in vitro and in cells, and the O-GIcNAcylation on the S109 residue suppressed the
association of YAP with LATS1, and the phosphorylation of YAP at S237. Hence, in pancreatic cells, the aberrant
OGT interaction and O-GIcNAcylation of YAP promote its dephosphorylation, nuclear localization, and
transcriptional activity, fueling Hippo signaling and tumor growth B3, Cancer cells also apply similar means to
antagonize the genotoxicity from commonly used chemotherapeutic agents, such as adriamycin (adm) 88, A study

in breast cancer cells detected that MTA1, a highly deregulated oncogene involved in the stress adaptation of
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cancer, is an OGT substrate BB |ntriguingly, MTAL displayed enhanced interaction with OGT in adm-resistant
(MCF7/ADR) cells compared to adm-sensitive (MCF7) cells 2%, Immunoprecipitation and genome-wide analysis
further showed that O-GIcNAcylation of MTAL1l promoted its association with components of nucleosome
remodeling and histone deacetylation (NURD) complex, including HDAC1, MBD3, and CHD4, and recruited MTA1
to the promoter of stress-adaptive genes for transcriptional activation. Therefore, MTA1-OGT interaction and its
aberrant O-GIcNAcylation protected the breast cancer cells against genotoxic stress, leading to drug resistance. It
would be interesting to evaluate whether OGA—protein interactions also engage in modulating similar protein
complexes in cancer. In summary, aberrant OGT—protein interactions and O-GIcNAcylation deregulate the
assembly of the protein with other biomolecules, leading to diminished proteolysis and upregulated functions that
may promote cancer cell growth. However, exceptions do exist in other cellular conditions 1. Please refer to [11L3]

31 for more detailed reviews about the regulation of O-GIcNAcylation on protein substrates in cancer.

4.3. Modulations through Binding Adaptors

One of the hypotheses regarding how OGT/OGA recognizes their protein substrates is through protein adaptors
(92 Recently, a few OGT adaptors have been identified in different types of cancer cells. In hepatoma FAO cells, it
was reported that the interaction of OGT with HCF-1, a transcriptional cofactor playing critical roles in cell cycle and
stem cell regulation, enhanced the O-GlcNAcylation of transcription factor PGC-1a [l Further analysis
demonstrated that O-GlcNAcylated PGC-1a displayed increased stability by forming a stronger complex with
deubiquitinase BAP1, and thereby promoted the gluconeogenic gene expression in response to glucose
availability. Another study discovered that an anti-viral and pro-inflammatory protein, IFIT3, assisted OGT
interaction with substrate VDAC?2 in pancreatic adenocarcinoma and patient-derived primary cells 24, VDAC2 is a
channel protein involved in mitochondria-associated apoptosis 23, Upregulated O-GlcNAcylation of VDAC2
protected highly metastatic cancer cells from chemotherapy-induced apoptosis, leading to drug resistance 24,
CEMIP, a cell-migration inducing protein promoting metastasis through glutamine metabolic reprogramming, is
another OGT adaptor identified in colorectal cancer and was recently discovered as a metastasis-related protein
(98] |t stabilized the interaction of OGT with substrate B-catenin, resulting in elevated O-GlcNAcylation of B-catenin
and displacing it from its complex with cadherins in the cytomembrane for nuclear translocation and transcription
regulation. CEMIP- and OGT-induced nuclear accumulation of (-catenin can transactivate genes in metabolic
reprogramming and promote tumor growth. While the O-GIcNAcylation status of CEMIP was not reported in this
case, its middle and C-terminal regions were responsible for OGT and [-catenin binding, respectively. Intriguingly,
cells with CEMIP knockdown or overexpression altered the O-GIcNAcylation of many proteins, suggesting that this
adaptor mediates the interactions of O-GIcNAc cycling enzymes with many other substrates. Overall, these
interesting discoveries strongly support that the binding adaptors can modulate the PPI networks of O-GIcNAc
cycling enzymes in malignant transformation. Future investigations are expected to uncover additional novel

adaptors and their mechanisms of action in cancer.
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