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Specific protein 1 (Spl) is central to regulating transcription factor activity and cell
signaling pathways. Spl is highly associated with the poor prognosis of various
cancers; it is considered a non-oncogene addiction gene. The function of Splis
complex and contributes to regulating extensive transcriptional activity, apart
from maintaining basal transcription. Spl activity and stability are affected by
post-translational modifications (PTMs), including phosphorylation,
ubiquitination,  acetylation,  glycosylation, and  SUMOylation. These
modifications help to determine genetic programs that alter the Spl structure
in different cells and increase or decrease its transcriptional activity and DNA
binding stability in response to pathophysiological stimuli. Investigating the PTMs
of Splwill contribute to a deeper understanding of the mechanism underlying the
cell signaling pathway regulating Sp1 stability and the regulatory mechanism by
which Spl affects cancer progression. Furthermore, it will facilitate the
development of new drug targets and biomarkers, thereby elucidating
considerable implications in the prevention and treatment of cancer.
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1 Introduction

Specific protein 1 (Sp1) is a member of the Sp/Kruppel-like factor family; it is expressed
in numerous tissues and exhibits variable domains and functions. It consists of three highly
homologous type C2H2 zinc fingers in the DNA binding domain that bind to rich GC
boxes. It plays a role in controlling bodily functions like cell growth, development,
differentiation, and proliferation, as well as embryogenesis, and is also involved in the
progression of cancer. Researchers have explored the relationship between Spl and cancer,
defining the Sp transcription factor as the non-oncogene addiction gene (Hedrick et al.,
2016). Research has demonstrated a strong association between Spl-dependent
transcription and a subset of features related to tumor cell development and
differentiation. Specifically, Spl has been shown to be closely linked to eight “major
features” and two “contributing features” within this context. The “major features”
encompass cancer cell proliferation, replicative immortalization, resistance to cell death,
immune escape, induction of angiogenesis, cell invasion and metastasis, and cell energy
disorders, while the “contributing features” include inflammation and unstable genomes
(Safe et al., 2023; Kim et al., 2017; Li and Davie, 2010; Beishline; Azizkhan-Clifford et al.,
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TABLE 1 The PTMs of Spl in cancer.

Modification

Materials

Function

Sp1l activity/
Expression

10.3389/fcell.2024.1412461

Effect of
Spl PTMs on
cancers
prognosis

References

Phosphorylation ERK HER-2/neu Thr453 RECK] Sp1T NB cells invasionT Hsu et al. (2006)
Thr739
ERK BRAFVO0E Thr739 TERT] Sp1T GBM and TC cells Wu et al. (2021)
proliferation and
invasionT
ERK Caveolin-1 _ RfngT Sp1T HCC cell proliferation and | Zhang et al. (2019)
invasionT
ATM DSB Ser101 XRCC1| Spl] Pre-cancerous cells| Fletcher et al.
DNA (2018)
ligase IIT|
ATM EBV Ser101 EBVT Sp1T EBV replicationT, BL, HL, = Hau et al. (2015)
UNPC, GCT
PI3K/PKC{ TSA Ser641 LHRT Sp1T BC and CC progression] | Zhang et al. (2006)
PI3K/AKT Pleckstrin-2 Thr453 = MT1-MMPsT Sp1T Immune escape of GCT Mao et al. (2023)
_ Temozolomide Ser101 CCBE1T Sp1T Temozolomide GBM cells = Wang et al. (2024)
resistanceT
_ Iron Deficiency _ SPNS2T Sp1T HCC tumor cells Wang et al. (2023)
migration and invasion
Ubiquitination TRIM25 JP3 K610 MMP2| Spl] GC angiogenesis | Chen et al. (2020)
NEDD4L JP1, p-MEK1/2 K685 avp3] Spll Melanoma cells Cui et al. (2020)
proliferation and
invasion |
PI3K/AKT JWA _ CD44| Spl] Lung cancer stemness and | Ding et al. (2023)
progression |
FKBP3 _ _ HDAC2| Spl| NSCLC cells proliferation| = Zhu et al. (2017)
HCGI11 EF24 _ _ Spl] TNBC cells proliferation Duan et al. (2022)
and invasion|
TRIM25 LINC00955 K610 DNMT3B| Spl] CRC cells proliferation| Ren et al. (2023)
PHIP]
CDK2|
RNF4 ID1 _ ANGPTL7] Spl] AML cells proliferation | Fei et al. (2023)
BAP1 ODN _ Bax| Spl] CCRC, RCC, BC, Glioma Seo et al. (2022)
cell proliferation |
B-TrCP Wnt _ {-catenin| Spll CRC cells proliferation| Mir et al. (2018)
SUMOylation SUMO2/3 SENP3 _ _ Spl] GC cells proliferation| Wang et al. (2016)
RNF4
_ _ _ SNHG17] Spl] GC resistance to DDP| Huang et al. (2022)
O-GlcNAcylation GS Insulin and Glutamine _ SREBP1T Sp1T BC, HCC cells Jhu et al. (2021)
Deprivation-induced ACC1TLDT proliferation
Acetylation HDACI10 _ K703 POLE1T Sp1T NSCLC cells growth and Guo et al. (2023)
angiogenesisT
Bradykinin Bradykinin _ IL-87 Sp1T GBM cells invasion Liu et al. (2019)
B1 receptor
ACSS2 Acetate K19 SAT1T Sp1T Pancreatic Cancer Murthy et al.
developmentT (2024)
Methylation _ _ _ _ Spl] HNSCC cells Jumaniyazova
proliferation | et al. (2024)
(Continued on following page)
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TABLE 1 (Continued) The PTMs of Sp1l in cancer.

Modification Materials Function Sp1 activity/ Effect of References
Expression Spl PTMs on
cancers
prognosis
Glutathionylation and ERKs OSU-CG12 Thr739 _ Spl] PC progression | Wei et al. (2009)
Ubiquitination GSK3p Ser728
B-TrCP Ser732
ERK,RNF4 SIRPA Thr278 SLC7A37 Sp1T OS cells invasionT Wang et al. (2023)
JNK1 _ Thr278 _ Sp1T CCA, LUAD Chuang et al.
Thr739 Glioma cell proliferationT (2008)
Phosphorylation and STP Butyrate _ TLR5TSP37 Spl] CRC occurrence]| Thakur et al.
Acetylation (2016)
AKT DHEA _ PCNAT Sp1T GBM cells proliferation] Yang et al. (2019)
HDAC1/2

ERK, extracellular signal-regulated kinase; RECK, reversion inducing cysteine rich protein with kazal motifs; TERT, human telomerase reverse transcriptase; Rfng, p-1,3-N-
acetylglucosaminyltransferase; ATM, ataxia telangiectasia mutated; DSB, DNA Strand Breakage; XRCC1, X-ray Repair Cross Complementing 1; EBV, Epstein-Barr virus; PKC, protein kinase C;
TSA, Trichostatin A; LHR, luteinizing hormone receptor; LH, luteinizing hormone; TRIM25, tripartite motif-containing 25; JP3, an MMP2-targeted peptide, junctophilin-3; MMP2, Matrix
Metalloproteinase 2; avf3, integrinavp3; PI3K/AKT, Phosphatidylinositol-4,5-bisphosphate 3-kinase/Akt; JWA, ADP ribosylation factor like GTPase 6 interacting protein 5 (ARL6IP5); EF24, a
curcumin analog; LINC00955, Long Intergenic Non-protein Coding RNA 955; EF24, (3E,5E)-3,5-bis(4-fluorobenzylidene)piperidin-4-one; DNMT3B, DNA methyltransferase 3 beta; ID1,
DNA binding 1; RNF4, an E3 ubiquitin ligase; p-TrCP, an E3 ubiquitin ligase; FKBP3, a member of FK506-binding proteins; HDAC2, histone deacetylase 2; ODN, odanacatib; DDP, cisplatin;
GS, glutamine synthetase; SREBP1, sterol regulatory element-binding protein 1; ACCI, acetyl-CoA carboxylase 1; LD, lipid droplet; HDACI0, histone deacetylase 10; IL-8, Interleukin-8;
ACSS2, Acyl-CoA synthetase short-chain family member 2; SAT1, Recombinant Human Spermidine/Spermine N1-Acetyltransferase 1; OSU-CG12, (Z)-5-(4hydroxy-3-
trifluoromethylbenzylidene)-3-(1-methylcyclohexyl)thiazolidine-2,4-dione, a thiazolidinedione derivative; GSK3p: glycogen synthase kinase 3p; p-TrCP, p-transducin repeat-containing
protein; SIRPA: signal regulatory protein alpha SLC7A3: solute carrier family 7 member 3; JNK1: ¢-Jun NH2-terminal kinase 1; DHEA: dehydroepiandrosterone ; PCNA: proliferating cell
nuclear antigen; NB: neuroblastoma; GBM: glioblastoma multiforme; TC: thyroid carcinoma; HCC: hepatocellular carcinoma; BL: burkitt lymphoma; HL: hodgkin lymphoma; UNPC:
undifferentiated nasopharyngeal carcinoma; GC: gastric cancer; BC: breast cancer; CC: choriocarcinoma; NSCLC: non small-cell lung cancer; TNBC: triple-negative breast cancer; CRC:
colorectal carcinoma; AML: acute myeloid leukemia; CCRC: clear cell renal carcinoma; RCC: renal cell carcinoma; HCC: hepatocellular carcinoma; HNSCC, head and neck squamous cell
cancer; PC, prostate cancer; OS, osteosarcoma; CCA, cervical cancer; LUAD, lung adenocarcinoma.
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FIGURE 1
Structure and PTMs sites associated with cancer of the human Spl protein. PTM, post-translational modifications; Spl, the transcription factor

Specificity Protein 1; NTR, N-terminal region; TAD, Topologically Associating Domain; Multi, multimerization domain; S, Ser, serine; T, Thr, threonine;
K, Lys.lysine.

2015; Orzechowska-Licari et al, 2022; Vizcaino et al, 2015;  IncRNA to enhance the growth, viability, movement, and infiltration
Hanahan. 2022). Spl transcription factors can serve as prognostic ~ of cancer cells. Nonetheless, researchers have not developed any
indicators in multiple cancers through interaction with miRNA and  anticancer drugs specifically targeting Sp1 for clinical application
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FIGURE 2

Schematic association of PTMs of Sp1 linked to cancer diseases. GC, Gastric Cancer; LC, lung cancer; NSCLC, Non Small-cell Lung Cancer; TNBC,
Triple-Negative Breast Cancer; CRC, Colorectal Carcinoma; AML, Acute myeloid leukemia; CCRC, Clear Cell Renal Carcinoma; RCC, Renal Cell
Carcinoma; BC, Breast Cancer; HCC, Hepatocellular Carcinoma; BL, Burkitt Lymphoma; HL, Hodgkin Lymphoma; UNPC, Undifferentiated
Nasopharyngeal Carcinoma; CC, Choriocarcinoma; PC, Prostate Cancer; OS, Osteosarcoma; CCA, Cervical Cancer; LUAD, Lung Adenocarcinoma;
GBM, Glioblastoma Multiforme; Cav-1, Caveolin-1; DSB, DNA Strand Breakage; LHR, luteinizing hormone receptor; TSA, Trichostatin A; LINC0O0955, Long
Intergenic Non-protein Coding RNA955.+r, Tumor cell invasion and metastasis; A, Proliferation of tumor cells; O, The proliferation, invasion and

metastasis of tumor cells.

(Safe. 2023). Post-translational modifications (PTMs) play a pivotal
mechanism underlying intracellular regulatory protein function.
PTMs of Spl protein encompass phosphorylation, ubiquitination,
glycosylation, acetylation, SUMOlation, and methylation. These
modifications can enhance or inhibit Spl protein stability.
Additionally, they have the potential to influence the interaction
between Spl and subsequent elements, impacting the advancement
of the cell cycle. (Safe. 2023; Beishline and Azizkhan-Clifford, 2015;
Jackson and Tjian, 1988). Therefore, an in-depth examination of the
PTMs of Spl protein and its impact on cancer diseases will provide
novel perspectives for understanding the molecular mechanism
underlying cancer incidence and emphasize new objectives and
approaches for cancer prevention, detection, and therapy. In this
article, we summarize the molecular structure and function of
Spl protein, in addition to the regulatory mechanism by which
PTMs affect cancer initiation and progression.

2 Structure and function of Spl protein
2.1 Structure of Spl protein

The human Spl protein is a polypeptide chain comprising
785 amino acids with a total molecular weight of 80,693. It is
present in various organs, including the brain, kidney, pancreas,
lymph, and bone marrow; moreover, it is situated in the cytoplasm
and nucleus (Yu et al, 2021). The Spl domain is predominantly
unstructured, whereas the zinc finger domain is the only structured
domain. The Spl domain that binds to DNA consists of three

Frontiers in Cell and Developmental Biology

consecutive Cys2-His2 zinc finger domains structured in a nuclear
magnetic resonance structure (Cook et al., 1999; Oka et al., 2004;
Beishline and Azizkhan-Clifford, 2015). The domain controls the
basic and responsive gene transcription by detecting the GC cassette
recognition element in the promoter of the target gene (Yang et al.,
2013). All three zinc finger domains encompass specific sequence
preferences, and each zinc finger is necessary for the strong binding
between SP1 and DNA. A crucial factor for nuclear localization is
the coordinated binding of zinc fingers; removal of Sp1 from three
zinc fingers eliminates both DNA binding and nuclear localization
(Schroder, 1991; Kriwacki et al., 1992; Thiesen and; Ito et al., 2009;
2010). The N-terminus of the DNA domain comprises two adjacent
trans-activating domains consisting of serine/threonine-and

glutamine-rich regions. Between DNA and trans-activating
domains is the C domain, a region with high charge. Zinc fingers
can bind DNA without the C domain, but their ability to bind
enhances with it.

Spl also contains a multimerization domain that can promote
molecular interaction between unbound Spl and DNA, leading to
the formation of tetramers. The tetramers progress to form larger
polysomes, leading to the connection between the nearby promoter
area and distant enhancer, the interaction of numerous
Spl molecules, and the hyperactivation of genes (Mastrangelo
et al, 1991; Beishline and Azizkhan-Clifford, 2015). In brief,
Spl’s structural region is comprised of three Cys2-His2 zinc
finger domains, with its binding to the GC box controlling the
basal and inducible gene transcription. However, the regulatory
mechanisms vary among target genes and cells, involving direct

interactions between proteins and DNA, interactions between
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proteins, and changes in chromatin structure due to changes in
Spl expression or PTMs. In transcriptional regulation, PTMs, such
as phosphorylation, acetylation, ubiquitylation, glycosylation, and
small ubiquitin-related modifiers (SUMO), affect the activity and
stability of Sp1. In reaction to various physiological and pathological
stimuli, they control distinct gene programs and have the ability to
alter the structure of Spl in diverse cells (Figure 1).

2.2 Function of Spl protein in cancer

Spl is the initial transcription factor for RNA polymerase II in
mammals to be identified; it can participate in multiple biological
processes, such as cell proliferation, apoptosis, differentiation, and
transformation. Additionally, it is central to regulating transcription
factor activity and cell signaling pathways. Sp1 is capable of not just
sustaining basic transcription, but also controlling (inducing and
inhibiting) the transcriptional function of various transcription
factors (Narayan et al., 1997; Cawley et al, 2004; Chu, 2012;
Gilmour et al., 2014). Spl has been recognized as a transcription
factor with widespread importance, its activity is tightly controlled
during tumorigenesis. Sp1 expresses strong pro-cancer functional
activity and abnormal expression in numerous cancer types.
Moreover, its levels are associated with the likelihood of survival
for nearly all individuals diagnosed with cancer. High Spl levels
often predict poor prognosis; therefore, researchers have identified
Sp1 as a tumor marker (Hanahan and Weinberg, 2000; Maksimovic-
Ivanic et al., 2012; Beishline and Azizkhan-Clifford, 2015).

Cancer is a complex disease and exhibits substantial differences
between and within different tumor types. The heterogeneity among
different cancer types makes treatment difficult (Safe et al., 2018).
with well-defined
commonalities in cancers could serve as a starting point for

Nonetheless,  commencing relatively
creating better treatment plans and addressing challenges related
to tumor diversity (Hanahan and Weinberg, 2011). Tumorigenesis is
defined as uncontrolled cell cycle progression, with the phenotypic
and genotypic differences partly correlated with the complex
pathways leading to tumor development (Becker et al, 1981;
Zhao et al., 2015). Fourteen major features of cancer, namely, the
signals of continuous proliferation, replicative immortalization,
resistance to cell death, immune escape, angiogenesis induction,
cell invasion and metastasis, cellular energy dysregulation,
inflammatory and unstable genome, unlocking phenotypic
plasticity, nonmutational epigenetic reprogramming, polymorphic
microbiomes, and senescent cells were identified in a systematic
review of cell pathways involved in tumor formation and
progression (Maksimovic-Ivanic et al, 2012; Hanahan and
Weinberg, 2000; Hanahan. 2022).

The intricate functionality of Spl is evidenced by its ability to
modulate key genes that impact the top ten characteristics of cancer
(Beishline and Azizkhan-Clifford, 2015); It affects eight major
features of cancer by regulating several key genes. For example,
Spl can maintain the continuous tumor proliferation signal by
mediating the transcription of epidermal growth factor (Pascall
and Brown, 1997) and its receptor (Kageyama et al, 1988;
Kitadai et al., 1992), fibroblast growth factor (Payson et al., 1998;
Jimenez et al., 2004), insulin-like growth factor (Hyun et al., 1993;
Jiang et al., 2004), and its receptor (Jensen et al., 1995; Ohlsson et al.,
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1998; Abramovitch et al., 2003; Maor et al., 2007). Sp1 enables the
cancer to avoid senescence and achieve
immortalization through the genes encoding the cyclin-
dependent kinase (CDK) inhibitor p16 (Ink4a), p53, and various

factors involved in maintaining telomeres, including telomerase.

cells replication

Furthermore, Sp1 can escape growth inhibition by regulating cancer
cell response to specific stresses. By controlling various pro- and
anti-apoptotic elements, it can develop a resistance to immune
system signals that trigger cell death from the outside (Ohlsson
et al., 1998; French and Tschopp, 2002). Furthermore, it has the
ability to enhance tumor cell resistance to programmed cell death
and evasion of the immune system. Spl activates the angiogenic
pathway through regulating the vascular endothelial growth factor
(Abdelrahim et al., 2004; Stoner et al., 2004; Yao et al., 2004;
Abdelrahim and Safe, 2005; Yu et al, 2010; Eisermann et al.,
2013), platelet reactive protein 1 (Okamoto et al., 2002), platelet-
derived growth factor (Santiago and Khachigian, 2004), urokinase
plasminogen activator (Trisciuoglio et al., 2004; Belaguli et al., 2010),
and anti-angiogenic genes to meet the nutritional and oxygen
requirements of tumor growth. Moreover, it triggers the invasion
and spread of tumor cells by influencing various factors that
promote or inhibit invasion, including matrix metalloproteinases
(MMPs) (Ma et al., 2004; Hsu et al., 2006). MMP inhibitors reverse
the induction of a cysteine-rich protein (RECK). Furthermore,
Spl has also been shown to be associated with “contributing
features” of cancer, namely, the inflammatory and unstable
genome. It is noteworthy that Hanahan proposed four emerging
hallmarks and enabling characteristics of cancers in 2022, based on
previous research on 10 features. These include “unlocking
phenotypic plasticity”, “nonmutational epigenetic
reprogramming”, “polymorphic microbiomes”, and “senescent
cells”, which he referred to as “trial balloons”. The specific
relationship between Spl and these “trial balloons” necessitates
further theoretical and clinical investigation (Hanahan. 2022).

There is a wealth of evidence indicating that various compounds,
such as approved drugs for alternative medical conditions, have the
capability to downregulate or degrade Sp1, thereby impeding cell/
tumor proliferation and invasion and promoting apoptosis. Among
these compounds are HDAC inhibitors, metformin, bardoxolone
methyl, bortezomib, and select non-steroidal anti-inflammatory
drugs (NSAIDs). Nevertheless, existing anticancer medications
targeting Spl have yet to be integrated into standard cancer
treatment regimens, necessitating further assessment of their
clinical utility in combination therapies, including drug
repurposing strategies (Safe et al., 2016; 2018; 2023).

Most of the mentioned functions are affected by PTMs, such as
phosphorylation, glycosylation, SUMOlytion,
methylation, and acetylation (Jha et al, 2024). A substantial

ubiquitination,

number of PTMs increases the number of proteins with
underlying molecular states, expanding the protein diversity and
facilitating the emergence of organismal complexity (Snider and
Omary, 2014). PTMs occur more rapidly than protein synthesis;
they can occur in different stages of the protein “life” cycle. PTMs are
central to signal transduction and life processes; they enable cells or
organisms to respond promptly according to the changes in the
surrounding environment (Beltrao et al., 2012). Several studies have
illustrated the anticancer effects of drugs through PTMs of Sp1. For
instance, atractyloide-1 has been shown to impede the growth of
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ERK1/2-mediated
Spl phosphorylation (Xiao et al, 2017). Thiazolidinedione
derivatives (OSU-CG12) have demonstrated the ability to hinder
prostate cancer progression by facilitating Sp1 degradation through

lung  cancer cells by  activating

modulation of Sp1 phosphorylation and ubiquitination levels (Wei
etal, 2009). Similarly, the curcumin analog EF24 has been found to
degrade Sp1 by enhancing its ubiquitination, thereby impeding Sp1-
induced proliferation and invasion of TNBC cells and ultimately
inhibiting TNBC advancement (Duan et al., 2022). Taken together,
Spl PTMs are vital in tumorigenesis and progression. This review
systematically reviews the regulatory effects of Sp1 PTMs on cancer
to provide novel ideas and strategies for cancer treatment and
prevention.

3 Spl PTMs in cancer
3.1 Phosphorylation

Phosphorylation is the core PTM in cellular signaling
transduction; it is intimately involved in most cellular processes
(Cohen, 2002). Protein phosphorylation cascades form the
backbone of signaling pathways that can regulate substrate
activity,  stability, protein interactions, and subcellular
localization. Phosphorylated Spl is central to the regulation of
multiple cancer-related genes (Chu and Ferro, 2005; Shiloh and
Ziv, 2013). Several key signaling kinases, including extracellular
signal-regulated protein kinases (ERK) one and 2, ataxia-
telangiectasia mutated (ATM) kinase, JNK1, CDK2, PI3K, and
Rad 3-related kinase, phosphorylate Spl to control proliferation,
movement, and invasion of tumor cell. The phosphorylation events
play a role in further PTMs, regulating Sp1 stability, enhancing its
DNA-binding affinity, and enabling transcriptional activation

(Beishline and Azizkhan-Clifford, 2015).

3.1.1 ERK-mediated Spl phosphorylation

The MAPK cascade plays a crucial role in controlling various
cellular activities through signaling pathways. It activates and
phosphorylates ~ downstream  proteins  involved in  cell
proliferation, division, apoptosis, and reaction to stress (Guo
et al, 2020). Of them, the Ras/Raf/MAPK/ERK pathway is an
important signaling cascade in the MAPK signal transduction
pathway; it is central to transmitting extracellular signals to
intracellular targets (Plotnikov et al, 2011). Invasion and
proliferation of tumor cells are mediated by activation of ERK
kinase through Spl modification.

Inhibition of gene expression is caused by the interaction of
histone deacetylases with Sp1 (Zhao et al., 2003). RECK, the matrix
metalloproteinase (MMP) inhibitory protein, could potentially
prevent tumor metastasis by controlling MMP activity in a
negative manner. Hsu et al. (2006) demonstrated that in
neuroblastoma (B104-1-1) cells, the proto-oncogene HER-2/neu
could inhibit RECK (a tumor metastasis suppressor) level through
suppressing ERK and Spl transcription factor; eventually, it
promoted cell invasion. HER-2/neu promotes
Spl phosphorylation at Thr453 and Thr739 and binds to the
RECK promoter through the ERK protein kinase. As a result of

phosphorylation of Sp1, histone deacetylase 1 (HDACI) is recruited
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to the RECK promoter, suppressing RECK expression and
facilitating invasion of cells.

Telomerase reverse transcriptase (TERT) is responsible for
encoding the catalytic component of telomerase. Reacting the
TERT is crucial for maintaining telomeres, and thus for
supporting the uncontrolled division of cancer cells. Furthermore,
it mediates tumorigenesis and progression. There is a high frequency
of TERT promoter mutations in various cancer types that predict
poor outcomes in patients. Specific mutations in key areas attract the
GA Binding protein transcription factor a (GABPA), which in turn
enhances TERT transcription (Bell et al., 2015). Mutations in the
BRAFY" gene are frequently seen as a genetic change that
promotes the development and advancement of tumors,
especially in cases of thyroid cancer and melanoma. Wu et al.
reported that in BRAF'**-mediated human cancers, such as
glioblastoma and thyroid cancer, the GABPA recombinant
protein and Spl co-activate the mutated TERT promoter,
accelerating cancer incidence and development (Batista et al,
2016; Wu et al., 2021). Briefly, in BRAFV****-induced cancer cells,
the GABP tetramer facilitates the activation of ERK-recruited
mutated TERT promoters; ERK activation promotes the
of HDACI from Spl/HDACI1
upregulating the phosphorylation levels at sites, such as Spl Thr
739. Thus, Spl and GABPA interaction is strengthened, and the
binding between GABPA and the mutant TERT promoter is
enhanced. The combined effect of Spl and GABPA sustains a

dynamic chromatin state in the altered TERT promoter.

dissociation complex by

Furthermore, it contributes to TERT reactivation, promoting
(Cav-1), an
essential protein found in a structural pit, acts as an oncogene in
hepatocellular carcinoma (HCC) by contributing to abnormal

cancer incidence and progression. Caveolin-1

glycosylation of proteins. Zhang et al. (2019) found that Cav-1 in
the plasma membrane is implicated in facilitating the abnormal
glycosylation of HCC invasion and metastasis by regulating B-1, 3-
n-acetylglucosaminyltransferase (Rfng) expression; it plays a similar
role in an oncogene. Furthermore, in mouse HCC cell lines, Cav-1
phosphorylated the transcription factors Hnf4a and Spl by
activating the ERK-JNK-P38 pathway. In turn, it enhanced Rfng
mRNA levels and protein expression by promoting Hnf4a and
Spl binding to the Rfng promoter region. Finally, Cav-1 is
involved in mediating HCC invasion and metastasis.

3.1.2 ATM kinase-mediated Spl phosphorylation
Unrepaired severe DNA damage, termed double-strand breaks
(DBS), disrupts DNA replication severely in proliferating cells. It
leads to cell death or chromosome aberrations, triggering a vicious
cycle of genomic changes and eventually inducing cancer (Shiloh
and Ziv, 2013). ATM is the key mobilizer of cellular reaction to DNA
impairment; Spl can contribute to DNA restore response and
regulate cancer through ATM-mediated phosphorylation.
Fletcher et al. (2018) demonstrated that when DNA is damaged,
ATM-mediated Sp1 phosphorylation can downregulate the ability of
DNA base removal repair (BER), the primary repair pathway of
endogenous DNA damage, thus promoting cell apoptosis. During
excessive DNA damage or defective DNA repair, activated ATM
recognizes the break in the DNA strand and enhances the
phosphorylation of the Spl at the Serl01 site to induce its
degradation. However, degraded Spl can inhibit DNA repair by
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downregulating the level of the crucial base excision restore genes
XRCC1 and DNA ligase III in the BER pathway, leading to DNA
strand break accumulation and forming a vicious cycle. Epstein-Barr
virus (EBV) is a carcinogenic herpes virus linked to human
malignancy. The lytic reactivation of EBV induces ATM-
dependent DNA damage in the cells with latent EBV infection.
ATM activation triggers the transcription of viral lytic genes to
stimulate lytic reactivation. Hau et al. (2015) reported that EBV lytic
infection can trigger the activation of ATM kinase in
nasopharyngeal epithelial cells. Activated ATM promotes EBV
replication protein accumulation in the replication region by
inducing EBV lysis infection and recruiting viral lytic proteins to
the region. Of them, Sp1 phosphorylation is a crucial step following
of ATM activation

replication regions.

contributed to the forming of viral

3.1.3 PI3K kinase-mediated Spl phosphorylation

Apart from ERK and ATM kinases, PI3K can participate in
cancer development by promoting Spl phosphorylation. Elevated
luteinizing hormone (LH) has been associated with tumor
development, including those found in the breasts and ovaries.
Zhang et al. (2006) reported that trichostatin A (TSA) promotes
LH receptor (LHR) gene level in human breast cancer cells (MCF-7)
and human placental villous cells (JAR) by enhancing PI3K/PKC
phosphorylation at Ser641, which finally promotes the release of
suppressor protein p107 from the LHR promoter gene. Therefore,
PI3K/PKC-mediated the phosphorylation of Spl promotes
activating TSA-mediated LHR gene expression.

Immune escape plays a crucial role in the advancement of
gastrointestinal solid tumors, with SP1 also playing a role in
mediating this process (Zhou et al, 2021). In their study, Mao
et al. (2023) demonstrated that Pleckstrin-2 in gastric cancer can
enhance the expression of MT1-MMPs through the PI3K-AKT-
Spl signaling pathway, resulting in the release of MICA and
subsequently impairing NK cell-mediated immune surveillance,
thereby facilitating tumor progression. Spl was identified as a
key regulator of MT1-MMP expression and was shown to
positively regulate its levels. The underlying mechanism involves
Pleckstrin-2 activation of the PI3K/AKT pathway, leading to PI3K
kinase-mediated phosphorylation of Spl at the T453 site, thereby
increasing Spl expression and subsequently promoting MT1-MMP
expression.

Some phosphorylation studies of Spl do not specify the kinases
involved. Neovascularization, a critical process in the development
and progression of tumors, plays a role in glioblastoma multiforme
(GBM) basement membrane resistance to temozolomide (TMZ).
Wang et al. (2024) discovered that in TMZ-resistant tumors,
chemotherapy induces the phosphorylation of Spl at position
S101, resulting in increased Spl activity and transcriptional
upregulation of CCBEIL. This upregulation of CCBE1 promotes
the maturation of vascular endothelial growth factor C (VEGFC)
and activates the VEGF receptor 2 (VEGFR2), VEGFR3, and Rho
signaling pathways in vascular endothelial cells (VECs). Ultimately,
this leads to increased angiogenesis in TMZ-resistant tumors,
providing resistance to GBM cells in a VEC-dependent manner.

The promotion of tumor progression by SPNS2 is facilitated
through the regulation of tumor immunity and the enhancement of
tumor cell migration and invasion. Wang et al. (2023) utilized a
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transcription factor activity microarray to identify transcription
factors that exhibit increased mRNA expression of SPNS2 in
hepatocellular carcinoma (HCC) under conditions of iron
deficiency. The findings indicated that iron deficiency specifically
upregulated the transcriptional activity of HIFla and Sp1 on SPNS2,
with Spl

transcriptional activity compared to HIFla. The protein level of

demonstrating a more pronounced increase in

HIF1a was found to be elevated in cases of iron deficiency, while the
of Spl
phosphorylation level of Spl showed an increase. Treatment with
PX478, an inhibitor of HIFla, and Mithramycin A, an inhibitor of
Spl, resulted in a reversal of the upregulation of SPNS2 mRNA and

protein level remained unchanged; however, the

protein expression caused by iron deficiency, with Mithramycin A
exhibiting a more pronounced effect. These findings suggest that
Spl serves as a primary regulator of iron deficiency-induced
SPNS2 expression, with phosphorylation playing a crucial role in
this regulatory mechanism.

Taken
Spl phosphorylation is important to explore Spl protein function

together, a  thorough  understanding  of
and carcinogenesis mechanisms. Further studies may elucidate
additional phosphorylation targets and their role in biological
processes to precisely define the role of Spl phosphorylation in
cancer. Furthermore, they may highlight novel targets for antitumor
drug development and promote cancer prevention and treatment

(Chu et al., 2005; Tan and Khachigian, 2009).

3.2 Ubiquitination

Ubiquitin modification conjugates polyubiquitin chains with
target proteins to control the activeness, durability, and position of
target proteins, thereby mediating proteasome degradation.
Ubiquitin modification can regulate numerous cell activities,
containing cell division, programmed cell death, regulation of
gene expression, repairing damaged DNA, and the body’s defense
mechanism (Mukhopadhyay and Riezman, 2007). The E1, E2, and
E3 ubiquitin ligases are involved in Sp1 ubiquitination (Park et al.,
2020). Several key signaling kinases, such as JP3, JP1, AKT, human
leukocyte antigen complex 11 (HCG11), tripartite motif-containing
protein 25 (TRIM25), RNF4, BAP1, FK506-binding protein 3
(FKBP3), RNF4, mediate Spl ubiquitination in vitro and in vivo.
Other
Spl ubiquitination. Spl, a particular protein transcription factor,

E3 ubiquitin ligases can regulate cancer through
is found to be highly expressed in many tumors, serving as a gene
that is not oncogenic but essential for cancer growth. Moreover, it
acts as an unfavorable predictor for patient survival (Hedrick et al.,
2016). Therefore, Spl

ubiquitination

degradation mediated by increased
inhibit The
Spl ubiquitination has been linked to the advancement of

may cancer. regulation  of
various cancers such as gastric cancer (GC), melanoma, lung

cancer, breast cancer, colorectal cancer, acute myeloid
leukemia, and more.

Matrix metalloproteinase 2 (MMP2) is crucial in tumor-
mediated extracellular matrix degradation. MMP2 overexpression
can promote GC angiogenesis. According to Chen et al. (2014 and
2020), JWA, a tumor suppressor gene, could inhibit MMP2 mRNA
levels and protein expression, thereby inhibiting GC angiogenesis.

On the basis of the functional characteristics of JWA protein, Chen
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et al. (2020) designed MMP2-targeted JP3 anticancer peptides; it
demonstrated therapeutic effects and no adverse effects in animal
models. JP3 has a beneficial effect in preventing GC angiogenesis by
affecting the TRIM25-SP1-MMP2 pathway. In GC cells, JP3 can
increase TRIM25 stability and delay its degradation by promoting
the phosphorylation of E3 ubiquitin ligase TRIM25 Serl2.
TRIM25
ubiquitination  at  the

Subsequently, promotes  Spl  degradation by
K610 thereby

MMP2 transcription and translation. Finally, it leads to reduced

site, reducing
angiogenesis and tumor proliferation in GC.

The presence of integrin avp3 is common on the outer layer of
melanoma cells and has been linked to the growth of blood vessels in
tumors, movement, growth and spread of cells (Huang and Rofstad,
2018). A functional polypeptide called JP1 was discovered by
analyzing the JWA protein’s active portions (Cui et al, 2020).
Micro-positron emission tomography suggests that JP1 targets
melanoma cells and inhibits their growth and spread by
inhibiting integrin avf3; moreover, JP1 prolongs the survival
time in mice with melanoma. The specific mechanism involves
targeting the JP1 peptide into melanoma cells highly expressing
integrin avP3 and activating p-MEK1/2. Subsequently, p-MEK1/
2 activates the E3 ubiquitin-ligase NEDDA4L, which then enhances
the ubiquitination of Sp1 at K685, accelerates Spl degradation, and
suppresses integrin avB3-mediated transcription.

Ding et al. (2023) reported on substantially downregulated JWA
protein levels in non-small cell lung cancer (NSCLC) associated with
smoking, which was also connected to lower survival rates. JWA
expression reduces in lung cancer cells exposed to nicotine in a
manner that depends on the dosage. Nicotine decreases JWA levels
via the AKT pathway mediated by CHRNAS5. Subsequently, JWA
inhibits transcription and translation by promoting ubiquitination-
mediated clusters of differentiation (CD)44 degradation, eventually
inhibiting lung cancer progression. Zhu et al. (2017) conducted
in vitro and in vivo trials where FKBP3 enhanced the growth of
NSCLC cells. Additionally, the overexpression of FKBP3 mRNA and
protein was observed in NSCLC specimens, correlating with
unfavorable outcomes in NSCLC patients. Elevated levels of
FKBP3 substantially increased histone deacetylase 2 (HDAC2)
expression and decreased cell cycle inhibitor p27 expression.
Additionally, FKBP3 inhibited p27 levels by promoting
HDACQC2expression, thus inducing the proliferation of NSCLC
cells. Through restraining Spl ubiquitination, FKBP3 activates
the HDAC2 promoter. Subsequently, it promotes the binding
HDAC2
p27 expression. Furthermore, miR-145-5p has the ability to
attach to the 3'UTR of FKBP3, resulting in the suppression of
FKBP3 gene expression. Taken together, miR-145-5p suppressed the
growth of NSCLC by targeting the FKBP3/Spl/HDAC2/
p27 signaling pathway.

between and p27 promoter, finally inhibiting

Similar processes occur in breast and colorectal cancers. Duan
et al. (2022) demonstrated that treatment using curcumin analog
(EF24) decreased tumor size, suppressed cell growth, and stimulated
cell death in a mouse triple-negative breast cancer (TNBC)
xenotransplantation model. Increased levels of HCGII can
suppress the ubiquitination of Spl, leading to elevated Spl levels,
which in turn promote survival and invasion of TNBC cells.
Treatment with EF24 can inhibit HCGI1 expression and
promote the ubiquitination-mediated degradation of Spl, thereby
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delaying Sp1-induced living and invasion of TNBC cells, ultimately
inhibiting TNBC progression. According to Ren et al. (2023), long
coding RNA955 (LINC00955) was
downregulated in colorectal carcinoma and was linked to poor

intergenic non-protein
outcome. LINC00955 inhibits colorectal carcinoma cells growth
both in vivo and in vitro. LINC00955 can interact with Spl from
nucleotides 2073 to 2204 and with TRIM25 from nucleotides 984 to
1135, respectively. Therefore, LINC00955 may serve as a structural
support for the interaction of TRIM25 and Spl, facilitating their
binding. The ubiquitin-ligase TRIM25 promoted Sp1 ubiquitination
at K610 and its degradation. Moreover, it inhibited DNMT3B
Blocking  DNMT3B leads to
reduced methylation of the E3 ligase PhIP promoter, which

transcription and expression.

increases PhIP transcription, promotes CDK2 ubiquitination and
degradation, and finally leads to the growth arrest of colorectal
cancer cells in the GO/Gl phase. Moreover, it inhibits the
proliferation of colorectal cancer cells.

Fei et al. (2023) revealed that the deprivation of suppressor of
DNA-binding-1 (ID1) in the bone marrow environment inhibited
acute myeloid leukemia (AML) progression in a mouse model of
AML. Co-culture of mesenchymal cells with AML cells showed
significant reductions in Spl expression with ID1 absence. ID1 can
compete with Spl for combining to the SIM domain of RNF4 to
inhibit Spl degradation, thus promoting the transcription and
translation of angiopoietin-like protein 7 (ANGPTL7) and AML
progression. Cathepsin K displays high matrix degradation activity
and is central to cancer invasion and progression. According to Seo
etal. (2022), cathepsin K inhibitor odanacatib (ODN) can induce the
deubiquitination enzyme BAP1 to phosphorylate at the Ser 592 site
in human tumor cell lines (human renal clear cell carcinoma skin
metastatic cells, human renal adenocarcinoma cells, human breast
cancer cells, and human glioma cells). Moreover, ODN promotes its
binding to Spl, resulting in Spl deubiquitination and increased
stability. Furthermore, it promoted SP1-mediated upregulation of
bcl-2-associated X protein (Bax), thereby mediating oxaliplatin-
induced apoptosis of human tumor cells. Consequently, Spl is
the key transcription factor in ODN-mediated Bax enhancement,
while BAP1 regulates Sp1 stability.

There is an association between cancer and abnormal actuation
of Wnt signaling pathway as well as mutations of related regulatory
factors. p-Catenin stabilization after the activation of Wnt signaling
is a core event in this process. 3-Catenin stability is controlled by a
cytoplasmic destruction complex which contains scaffold proteins
axinl, APC, glycogen synthase kinase 3B (GSK3p), and CSKla
(MacDonald et al., 2009; Fagotto, 2013). Without a Wnt ligand,
[B-catenin is attached to and undergoes phosphorylation by the
disruption complex. The ubiquitin E3 ligase B-TrCP recognizes
and degrades phosphorylated {-catenin according to MacDonald
et al. (2009). Mir et al. (2018) reported elevated Spl expression in
colorectal cancer cells driven by the Wnt signal; they also confirmed
Spl was the direct target of the Wnt signaling pathway. Without
Wnht signaling, GSK3 promotes Spl phosphorylation at S726 and
S732 sites; it induces phosphorylated Spl degradation by
Upon
activation of the Wnt signal, the interaction between Spl and f-

E3 ubiquitin ligase P-TrCP-mediated ubiquitination.
catenin prevents the B-TrCP and the destruction complex
axinl from inducing the degradation of Spl ubiquitination.
Wnt inhibits B-TrCP  E3-mediated

Therefore, signaling
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ubiquitination and subsequential degradation of Sp1. Additionally,
Spl controls PB-catenin stability by inhibiting its binding to the
cytoplasmic destruction complex, suggesting a feedback regulatory
mechanism between P-catenin and Spl in the Wnt signaling
pathways. Spl not only stabilizes PB-catenin but also regulates
Wht-responsive genes expression. By contrast, it binds to -
catenin and is necessary for its stable regulation in a Wnt-
dependent manner. Spl and B-catenin combine in the nucleus to
jointly control the expression of Wnt-responsive genes through
sharing the promoter. Replenishing B-catenin levels in Spl-
deficient cells does not trigger the reactivation of Wnt-responsive
genes. Taken together, Sp1 is necessary to stabilize -catenin as well
as to regulate Wnt response genes; therefore, it is a crucial factor in
the molecular processes connected to the Wnt signaling pathway.
Their mutual stabilization is crucial for target gene expression,
which in turn impacts the advancement of cancer.

3.3 SUMOylation

SUMO proteins, which consist of four isoforms (SUMOI,
SUMO2, and SUMO3, and SUMO4), are small eukaryotic
protein modifiers that are conserved across species in the human
genome. SUMO2 and SUMO3 have a similarity of up to 96%; thus,
they are termed SUMO2/3. SUMO2/3 can form SUMO chains more
efficiently than SUMO1. SUMO refers to a dynamic and reversible
PTM process that binds SUMO protein to lysine residues covalently
in the presence of E1, E2, and E3 ligase (Song et al., 2024). Proteins
that are SUMOylated are subjected to degradation via the ubiquitin-
proteasomes. SUMOylation and ubiquitination occur at identical
proteins and lysine residues. Therefore, SUMOylation can compete
against ubiquitination and antagonize ubiquitin-proteasomes-
induced breakdown, potentially generating outcomes contrary to
protein stability. SUMO-targeted E3 ubiquitin ligase (STUBL) is a
new class of ubiquitin ligase, and RNF4 is the most studied human
STUBL (Sriramachandran and Dohmen, 2014). SUMO proteases or
the sentrin-specific protease (SENP) family can uncouple SUMO
chains, reversing SUMOlation. SENP3 is specific for the SUMO 2/
3 chain (Gong and Yeh, 2006). Wang et al. (2016) reported
significantly increased SENP3 levels in GC cell lines, patients
with GC, and nude mouse samples of GC. RNF4 recognizes
SUMO2/3 conjugates of Spl and acts as a SUMO2/3 target of
Spl ubiquitin E3 ligase. SENP3 can facilitate the uncoupling of
Spl and SUMO2/3. Moreover, it can antagonize the degradation of
Spl ubiquitination through eliminating the connection between
Spl and RNF4, thus increasing the Spl protein level. Taken
together, SENP3 enhances the proliferation of GC cells through
antagonizing SUMO2/3-directed ubiquitination and preventing
RNF4-induced proteasomal degradation, leading to elevated
Spl protein expression.

Spl SUMOylation is also involved in the resistance of some
chemotherapy drugs. Huang et al. (2022) revealed that in the tumor
tissues of recurrent gastric cancer (GC) patients undergoing
treatment with capecitabine and cisplatin, there was a decrease in
Spl SUMOylation levels, an increase in Spl expression, and
enhanced binding of Spl to the SNHG17 promoter. Additionally,
SNHG17 was found to bind to miR-23b-3p and suppress its levels,
while miR-23b-3p targeted Notch2. These findings suggest that
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reduced Spl SUMOylation leads to increased
SNHGI17 expression, thereby inhibiting the Notch2 suppression
induced by miR-23b-3p and contributing to GC resistance to
cisplatin. Furthermore, silencing Spl was shown to mitigate GC
resistance to cisplatin. This study offers valuable insights for the
development of potential therapeutic strategies to overcome

chemoresistance in GC.

3.4 Glycosylation

Glycosylation is an enzymatic process characterized by
glycosidic bond formation of sugars with other proteins sugars,
or lipids (Moremen et al., 2012; Pinho and Reis, 2015). In most cases,
glycosylation occurs on an o-linked chain and on an n-linked chain.
Predominant sugar proteins consist of only one type of
glycosylation; however, some protein polypeptides comprise both
N-sugar and O-sugar chains. Additionally, certain proteins exhibit
unique forms of glycosylation (Pinho and Reis, 2015). O-linked
N-Acetylglucosaminylation (O-GlcNAcylation) refers to the
addition of p-D-n-acetylglucosaminylation to serine or threonine
residues of nuclear and cytoplasmic proteins; the disruption of its
homeostasis has been contributed to cancer pathogenesis (Slawson
and Hart, 2011; Yi et al, 2012; Yang and Qian, 2017). The
O-GlcNAcylation of Spl modulates its nuclear localization, trans-
activation, and stability (Han and Kudlow, 1997; Yang et al., 2001;
Majumdar et al., 2006; Pinho and Reis, 2015).

Glutamine and lipids are the key components of cancer cell
growth (Ryczko et al., 2016). It was demonstrated that when insulin
and glutamine are lacking, the lipogenic transcription factor
SREBP1 is activated in liver and breast cancer cells, which
promotes its trans-activation and increases transcription by
binding to glutamine synthetase (GS) promoters (Jhu et al,
2021). However, GS induced the expression of SREBP1/Acetyl
Coenzyme a Carboxylase 1 (ACCl) by enhancing the
Spl O-GlcNAcylation, leading to lipid droplet (LD) accumulation
after insulin treatment. Additionally, the absence of glutamine
triggers the creation of lipid droplets by activating the GS-
controlled  O-GlcNAc-Spl/SREBP1/ACC1 which
ultimately promotes the survival of cells. Hence, insulin and

pathway,

glutamine deprivation induce SREBP1-mediated transcriptional
activation of GS, leading to Spl O-GlcNAcylation. Following this,
O-GIcNAc-Spl enhances the transcription of SREBP1, creating a
cycle of reinforcement that boosts the production of lipids and the
formation of lipid droplets in both liver and breast cancer cells.

3.5 Acetylation

Acetylation of proteins is the predominant form of acylation
alteration. Acetylation occurs through transferring the acetyl group
from acetyl-CoA to the e-amino side chain of lysine by lysine
acetylase (KAT). Lysine acetylation refers to a dynamic post-
translational reversible modification process. Most KATs can be
classified into three families as follows: GCN5, p300, and MYST19.
Deacetylation is catalyzed by deacetylases, such as NAD +
and Zn**-dependent KDAC/HDACs.
Acetylation impacts protein functionality by influencing various

-dependent  sirtuin
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processes such as controlling protein stability, enzyme function,
cellular positioning, and interactions with other PTMs. Both
acetylation and deacetylation play crucial roles in regulating
autophagy initiation and selective autophagy by modulating the
acetylation levels of key proteins involved in the autophagy process.
Additionally, these processes can influence gene expression by
altering protein function. Acetylation of Spl can impact its DNA
binding capacity and subsequent transcriptional regulation, thereby
influencing cancer progression (Wang and Wang, 2019).

Histone deacetylase (HDAC), a type of protease, is crucial in
modifying chromosome structure and regulating gene expression,
thereby influencing the development of various tumors including
lung cancer, breast cancer, prostate cancer, and gastrointestinal
The relationship between HDAC2, HDACI0, and
Spl acetylation in lung cancer progression is characterized by an

cancer.

upstream and downstream dynamic. For instance, in lung cancer,
Spl acetylation is implicated in tumor macrophage polarization.
Zheng et al. (2023) demonstrated that the close proximity of
HDAC2-overexpressing M2-like tumor-associated macrophages
to cancer cells is significantly associated with poor overall
survival in lung cancer patients. Additionally, HDAC2 regulates
the M2-like tumor-associated macrophages phenotype through
Spl.
HDACI0 has been associated with a poor prognosis in patients

acetylation of histone H3 and transcription factor
with non-small cell lung cancer (NSCLC). To investigate the precise
regulatory role and mechanism of HDACI10 in NSCLC, Guo et al.
(2023) conducted experiments in which HDACI10 was knocked
down in A549 and H1299 cells. The findings revealed that the
knockout of HDACI10 suppressed the proliferation of NSCLC cells
and induced ferroptosis by modulating the SP1/POLE2 axis.
Specifically, HDAC10 knockout led to a reduction in Spl levels
by promoting acetylation of Sp1 at the K703 site, thereby inhibiting
the binding of Spl to the POLE2 promoter and decreasing the
expression of POLE2. The effects of HDAC10 loss on NSCLC cell
proliferation and ferroptosis were partially reversed by
overexpression of Spl or POLE2.

Furthermore, Sp1 acetylation has been found to play a role in
the regulation of cancers such as glioblastoma and pancreatic
cancer. Glioblastoma, characterized as the most aggressive form
of brain tumor with a poor prognosis and propensity for
metastasis to adjacent healthy brain tissue, was the focus of a
study by Liu et al. (2019) investigating the molecular mechanisms
and pathological significance of bradykinin receptors in this
cancer. Specifically, Liu et al. (2019) examined the expression
of the two primary bradykinin receptors, BIR and B2R, in two
human GBM cell lines, U87 and GBM8901. The findings
indicated that bradykinin modulates the expression of IL-8
and the migration of GBM cells through the activation of
STAT3 and Spl. And the study revealed a positive correlation
between high expression levels of STAT3 and Spl and the
clinicopathological grade of glioma. Additionally, it was found
that the activation of Spl was facilitated by an increase in
Murthy et al. (2024)

demonstrated that acetate derived from cancer-associated

acetylation modification of Spl.

fibroblasts can drive the progression of pancreatic cancer by
modulating polyamine metabolism through the ACSS2-SPI-
SAT1 axis. Specifically, acetylation of Spl at KI19 site,
mediated by acetate/ACSS2, plays a crucial role in enhancing
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the stability and transcriptional activity of Sp1 protein, ultimately
leading to increased SAT]I levels in an acidic environment.

3.6 Methylation

DNA methylation is a common occurrence in cancer,
particularly in the initial phases of tumor development, and
serves as a crucial mechanism for the epigenetic control of gene
This process is
hypomethylation  of  the

expression. distinguished by widespread

genome  alongside  localized
hypermethylation of multiple 5’-cytosine-phosphate-guanine-3’
(CpG) islands, frequently encompassing gene promoters and
initial exons (Locke et al, 2019). Jumaniyazova et al. (2024)
investigated the methylation patterns of CDKNI1, CDKN2A,
MYC, SMAD3, Spl, and UBC genes in the tumor tissues of
50 HPV-negative HNSCC patients. The findings indicated a
significant elevation in Spl gene methylation within tumor tissue
DNA as opposed to normal control tissue. Elevated methylation of
Spl inhibited the expression level of Sp1 and subsequently inhibited
the proliferation of HNSCC cells, suggesting that Sp1 methylation

might as a molecular indicator of malignant cell growth.

3.7 Crosstalk between different PTMs

Waby et al. (2008) systematically summarized the PTMs of Sp
family transcription factors. They elucidated a possible synergistic
effect between different PTMs, thereby suggesting combinations,
such as phosphorylation, acetylation, and SUMOlation can produce
subtle changes in transcriptional activation. Multiple Spl PTMs,
such as phosphorylation and ubiquitination, phosphorylation and
acetylation, SUMO, and ubiquitination, can co-regulate a particular
cancer type.

3.7.1 Phosphorylation and ubiquitination

Wei et al. (2009) reported that thiazolidinedione derivatives
(OSU-CG12) could induce Spl degradation in prostate cancer,
similar to the effects of glucose deprivation. Moreover, OSU-
CG12 could promote ERK-mediated phosphorylation of Spl at
Thr739 and GSK3p-mediated phosphorylation of Spl at
Ser728 and Ser732 sites. Subsequently, E3 ubiquitin ligase beta
transducing protein repeat sequence protein (B-TrCP) recognizes
phosphorylated Spl and promotes its ubiquitination degradation.
Thus, OSU-CGI12 mimics glucose starvation activation of p-TrCP-
mediated degradation of Sp1 ubiquitination. By contrast, ERKs and
GSK3p kinase-mediated phosphorylation are central to B-TrCP-
mediated recognition of Spl. Mir et al. (2018) demonstrated that
GSK3p can promote Spl phosphorylation at S726 and S732 sites in
colorectal cancer cell lines lacking Wnt signaling. Additionally, it
induces the degradation of phosphorylated Sp1 by B-TrCP-mediated
Therefore,  the  synergistic  effect  of
Spl phosphorylation and ubiquitination mediates its degradation,

ubiquitination.

which has the eventuality of transformation to promote innovative
proposals for treatment and safeguard against cancer.

Apart from the synergies of Spl phosphorylation and
ubiquitination mediating its degradation, Spl phosphorylation
protects against proteasome degradation. Wang et al. (2023)
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reported on upregulated signaling regulatory protein a (SIRPA) in
osteosarcoma (OS) tissues, especially in metastatic tissues;
moreover, it was linked to a negative clinical outlook. SIRPA
knockdown reduces Spl stability and arginine uptake to disrupt
OS cell migration. Briefly, SIRPA activates Sp1 phosphorylation at

Thr278 through ERK to prevent RNF4-mediated ubiquitination,

thereby promoting Spl stability. By binding with the
SLC7A3 promoter, Spl can increase SLC7A3 transcription and
translation levels and arginine wuptake capacity, thereby

facilitating epithelial-mesenchymal transition and metastasis of
OS cells. Moreover, arginine is able to enhance Spl stability
without relying on ERK, resulting in the creation of the
“Spl stability cycle.” Therefore, the increase in SIRPA expression
enhances the spread of osteosarcoma by activating the “Sp1 stable
cycle” and facilitating arginine absorption through SLC7A3, making
it a promising target for osteosarcoma treatment.

Chuang et al. (2008) reported on phosphorylated Spl in the
mitosis stage of human cervical adenocarcinoma HeLa cells, breast
cancer MDA-MB-231 cells, lung adenocarcinoma A549 cell epithelial
tumor cell line, and rat glioma cell line. JNK1 was activated in HeLa
cell mitosis and in breast tumors induced by N-methyl-N-nitrosourea.
It increased Spl stability by phosphorylating Spl at Thr278 and
Thr739. Additionally, JNK1 makes Spl immune to ubiquitin-
dependent degradation, leading to its accumulation. Mutation at
Thr278/739 in Spl leads to instability during mitosis, reduced
transcriptional activity of 12(S) -lipoxygenase expression, and
slower cell proliferation. Taken together, the activation of JNKI1 is
essential for the phosphorylation of Spl and for shielding against
degradation through the ubiquitin-dependent pathway in tumor cell
lines during mitosis.

3.7.2 Phosphorylation and acetylation

Toll-like receptor 5 (TLR5) identifies the flagellin of Gram-negative
and Gram-positive bacteria and performs multiple functions by
activating the intracellular signaling pathways (Carvalho et al., 2012).
The presence of TLR5 in the intestinal epithelium provides protection
against colon cancer (Vijay-Kumar et al, 2008a). Flagellin has been
suggested by researchers as a supplementary treatment for colon cancer
due to its ability to enhance the effectiveness of radiation and
chemotherapy, while also safeguarding healthy tissue from the
negative impacts of these treatments (Vijay-Kumar et al, 2008b).
Thakur et al. (2016) reported that butyrate, a metabolic product in
the gut, can upregulate TLR5 in intestinal epithelial cells and enhance
flagellin-induced immune response. In human colon carcinoma
HT29 cells, butyrate dephosphorylates and acetylates Spl through
Ser/Thr phosphatases, resulting in reduced binding between Spl and
TLR5 promoter.

Radiotherapy combined with Temozolomide (TMZ) improves
outcomes in patients with malignant glioblastoma; however, O6-
methylguanine-DNA methyltransferase (MGMT)-mediated DNA
restore causes TMZ resistance. Yang et al. (2019) demonstrated that
the neurosteroid dehydroepiandrosterone (DHEA), a neurosteroid
responsible for the wellbeing of neurons and astrocytes, can boost
DNA repair through the stimulation of Spl phosphorylation and
deacetylation. Additionally, DHEA can alleviate TMZ-induced
DNA damage, thereby reducing its toxicity to glioblastoma cells.
DHEA activates Spl via the LYN/AKT pathway. Subsequently, it
phosphorylates Sp1 in TMZ-damaged DNA to achieve deacetylation
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by HDAC1/2.
Spl regulates DNA repair by binding to anti-proliferating cell

recruiting histone deacetylase Deacetylated
nuclear antigens. Hence, Spl phosphorylation and deacetylation
are central to DHEA-mediated DNA repair inducing TMZ

resistance in glioblastoma.

4 Conclusion and perspective

This article primarily summarizes the mechanism by which
PTMs, such as phosphorylation, ubiquitylation, ubiquylation,
SUMO, glycosylation, and acetylation regulate Spl stability and
its regulatory role in cancer development (Table 1; Figure 2). For
example, ERK kinase-mediated Spl phosphorylation cooperates
with HDACI to inhibit RECK promoting
neuroblastoma invasion, and with GABPA to improve TERT

expression,

transcription, promoting the growth and advancement of thyroid
cancer (Hsu et al., 2006; Wu et al., 2021). Additionally, it cooperates
with Hnf4a to promote Rfng transcription, mediating HCC invasion
and metastasis (Zhang et al, 2019). ATM kinase-mediated
Spl phosphorylation suppresses the repair pathway of DNA
damage involving cancer development and induces EBV Iytic
infection to promote malignancy development (Fletcher et al,
2018). Additionally, ubiquitylation-mediated Spl degradation
regulates tumor vascular angiogenesis and tumor cell
proliferation by TRIM25-Spl-MMP2 (Chen et al, 2020) and
p-MEK1/2-NEDD4L-Spl-avp3 pathway (Cui et al, 2020) and
lung cancer progression by the CHRNA5-AKT-JWA-Spl-
CD44 pathway (Ding et al, 2023), is involved in NSCLC
proliferation by the miR-145-5p-FKBP3/Sp1/HDAC2/p27 (Zhu
et al., 2017) and colorectal cancer proliferation by LINC00955-
TRIM25-Sp1-DNMT3B-PhIP-CDK2 pathway (Ren et al., 2023),
promotes  AML  progression by the ID1-RNF4-Spl-
ANGPTL7 pathway (Fei et al., 2023), and is involved in ODN
promoting oxaliplatin-induced apoptosis in human tumor cells by
the BAP1-Sp1-Bax pathway (Seo et al., 2022). Thus, Spl PTMs are
central to the initiation and progression of multiple cancers. Studies
of Sp1 PTMs can facilitate the development of novel drug targets and
biomarkers and offer important implications for the control
of cancer.

the behind
Spl downregulation is complex, and no anticancer drugs

However, mechanism drug-induced
targeting Spl have been developed for clinical application.
Various pathways, such as proteasome-mediated degradation,
responses induced by cannabinoid receptors, zinc depletion, and
the kinase/phosphatase pathway, can regulate the degradation of
Spl (Safe et al., 2016; 2018; 2023). However, Spl PTM:s control the
transcription of many genes related to cancer hallmarks. Often, they
serve as a key link; thus, Spl PTMs can be targeted for therapy in
cancer. Researchers should consider the following aspects during
Spl  PTMs:  First,

Spl phosphorylation and ubiquitination encompass most cancer

anticancer  drug  development  for
types, and the major pathways, and display more diverse functions;
particularly, ubiquitylation modification is directly related to
Spl degradation. Therefore, phosphorylation and ubiquitination
can be used as the key aspects of drug development. Second, in
Spl PTMs, the development of sites with high-frequency potentials,

such as Thr278, Thr739, Ser101, and K610, and that of target drugs
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may increase the implication of treating multiple cancer types.
Third, the transformation of normal cells to cancer cells has been
linked to Sp1, Sp3, and Sp4, which display high expression in cancer
cells. SP3 and SP4 have oncogenic functions; therefore, Spl can be
considered as the key evaluation index rather than the sole efficacy
evaluation index. Fourth, drug combination with chemotherapy can
improve the therapeutic effects and overcome the resistance to
cancer chemotherapy. The PTMs of Spl are also implicated in
drug resistance to chemotherapeutic agents like Temozolomide and
cisplatin, suggesting a potential avenue for overcoming resistance
mechanisms. Certain types of small drugs used to treat cancer, like
bortezomib, and drugs that help prevent cancer, such as sulindac,
isothiocyanate, and polyphenols, can reduce Spl expression in
cancer cells. The intention behind the development of these
compounds was not to inhibit Sp1 or Spl regulatory genes, but it
is possible that this activity is partly responsible for in their
effectiveness as anticancer medications (Jia et al., 2010; Gao
et al, 2011; Safe et al., 2018). Finally, owing to the complex
functional role of Spl, clinicians should consider the interaction
among Spl PTMs, despite the need for synergistic initiation in the
regulation of a particular cancer or identical cancer-related genes.

Author contributions

XS: Writing—original draft. XC: Writing-original draft. XW:

Writing-original ~ draft. SW: Writing-original ~ draft. ZY:

References

Abdelrahim, M., and Safe, S. (2005). Cyclooxygenase-2 inhibitors decrease vascular
endothelial growth factor expression in colon cancer cells by enhanced degradation of
Spl and Sp4 proteins. Mol. Pharmacol. 68, 317-329. doi:10.1124/mol.105.011825

Abdelrahim, M., Smith, R. 3rd., Burghardt, R., and Safe, S. (2004). Role of Sp proteins
in regulation of vascular endothelial growth factor expression and proliferation of
pancreatic cancer cells. Cancer Res. 64, 6740-6749. doi:10.1158/0008-5472.CAN-
04-0713

Abramovitch, S., Glaser, T., Ouchi, T., and Werner, H. (2003). BRCA1-Spl
interactions in transcriptional regulation of the IGF-IR gene. FEBS Lett. 541,
149-154. doi:10.1016/s0014-5793(03)00315-6

Batista, R., Cruvinel-Carloni, A., Vinagre, J., Peixoto, J., Catarino, T. A., Campanella,
N. C, et al. (2016). The prognostic impact of TERT promoter mutations in
glioblastomas is modified by the rs2853669 single nucleotide polymorphism. Int.
J. Cancer 139, 414-423. doi:10.1002/ijc.30057

Becker, F. F. (1981). Presidential address. Recent concepts of initiation and promotion
in carcinogenesis. Am. J. Pathol. 105, 3-9.

Beishline, K., and Azizkhan-Clifford, J. (2015). Sp1 and the *hallmarks of cancer. FEBS
J. 282, 224-258. doi:10.1111/febs.13148

Belaguli, N. S., Aftab, M., Rigi, M., Zhang, M., Albo, D., and Berger, D. H. (2010).
GATAG6 promotes colon cancer cell invasion by regulating urokinase plasminogen
activator gene expression. Neoplasia 12, 856-865. doi:10.1593/neo.10224

Bell, R. J., Rube, H. T., Kreig, A., Mancini, A., Fouse, S. D., Nagarajan, R. P., et al.
(2015). Cancer. The transcription factor GABP selectively binds and activates the
mutant TERT promoter in cancer. Science 348, 1036-1039. doi:10.1126/science.
aab0015

Beltrao, P., Albanese, V., Kenner, L. R,, Swaney, D. L., Burlingame, A., Villén, J., et al.
(2012). Systematic functional prioritization of protein posttranslational modifications.
Cell 150, 413-425. doi:10.1016/j.cell.2012.05.036

Carvalho, F. A, Aitken, J. D., Vijay-Kumar, M., and Gewirtz, A. T. (2012). Toll-like
receptor-gut microbiota interactions: perturb at your own risk. Annu. Rev. Physiol. 74,
177-198. doi:10.1146/annurev-physiol-020911-153330

Cawley, S., Bekiranov, S., Ng, H. H., Kapranov, P., Sekinger, E. A., Kampa, D., et al.
(2004). Unbiased mapping of transcription factor binding sites along human
chromosomes 21 and 22 points to widespread regulation of noncoding RNAs. Cell
116, 499-509. doi:10.1016/s0092-8674(04)00127-8

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2024.1412461

Writing-original draft. BS: Writing-review and editing. YS:
Writing-review and editing, Funding acquisition.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the China Postdoctoral Science Foundation
(2022M711089).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Chen, J. J,, Ren, Y. L, Shu, C. J., Zhang, Y., Chen, M. J,, Xu, ], et al. (2020). JP3, an
antiangiogenic peptide, inhibits growth and metastasis of gastric cancer through
TRIM25/SP1/MMP2 axis. J. Exp. Clin. Cancer Res. 39, 118. doi:10.1186/s13046-020-
01617-8

Chen, Y., Huang, Y., Huang, Y., Xia, X,, Zhang, J., Zhou, Y., et al. (2014). JWA
suppresses tumor angiogenesis via Spl-activated matrix metalloproteinase-2 and its
prognostic significance in human gastric cancer. Carcinogenesis 35 (2), 442-451. doi:10.
1093/carcin/bgt311

Chu, S. (2012). Transcriptional regulation by post-transcriptional modification--role
of phosphorylation in Spl transcriptional activity. Gene 508, 1-8. doi:10.1016/j.gene.
2012.07.022

Chu, S., and Ferro, T J. (2005). Sp1: regulation of gene expression by phosphorylation.
Gene 348, 1-11. doi:10.1016/j.gene.2005.01.013

Chuang, J. Y., Wang, Y. T., Yeh, S. H,, Liu, Y. W., Chang, W. C., and Hung, J. J. (2008).
Phosphorylation by c-Jun NH2-terminal kinase 1 regulates the stability of transcription
factor Sp1 during mitosis. Mol. Biol. Cell 19, 1139-1151. doi:10.1091/mbc.e07-09-0881

Cohen, P. (2002). The origins of protein phosphorylation. Nat. Cell Biol. 4 (5),
E127-E130. doi:10.1038/ncb0502-e127

Cook, T., Gebelein, B., and Urrutia, R. (1999). Spl and its likes: biochemical and
functional predictions for a growing family of zinc finger transcription factors. Ann. N.
Y. Acad. Sci. 880, 94-102. doi:10.1111/j.1749-6632.1999.tb09513.x

Cui, J.,, Shu, C, Xu, J., Chen, D., Li, J., Ding, K., et al. (2020). JP1 suppresses
proliferation and metastasis of melanoma through MEK1/2 mediated NEDD4L-SP1-
Integrin avB3 signaling. Theranostics 10, 8036-8050. doi:10.7150/thno.45843

Ding, K., Jiang, X., Ni, ], Zhang, C., Li, A., and Zhou, J. (2023). JWA inhibits nicotine-
induced lung cancer stemness and progression through CHRNAS5/AKT-mediated
JWA/SP1/CD44 axis. Ecotoxicol. Environ. Saf. 259, 115043. doi:10.1016/j.ecoenv.
2023.115043

Duan, Y., Chen, H. L, Ling, M., Zhang, S., Ma, F. X,, Zhang, H. C, et al. (2022). The
curcumin analog EF24 inhibits proliferation and invasion of triple-negative breast
cancer cells by targeting the long noncoding RNA HCG11/sp1 Axis. Mol. Cell Biol. 42,
€0016321. doi:10.1128/MCB.00163-21

Eisermann, K., Broderick, C. J., Bazarov, A., Moazam, M. M., and Fraizer, G. C.
(2013). Androgen up-regulates vascular endothelial growth factor expression in prostate
cancer cells via an Sp1 binding site. Mol. Cancer 12, 7. doi:10.1186/1476-4598-12-7

frontiersin.org


https://doi.org/10.1124/mol.105.011825
https://doi.org/10.1158/0008-5472.CAN-04-0713
https://doi.org/10.1158/0008-5472.CAN-04-0713
https://doi.org/10.1016/s0014-5793(03)00315-6
https://doi.org/10.1002/ijc.30057
https://doi.org/10.1111/febs.13148
https://doi.org/10.1593/neo.10224
https://doi.org/10.1126/science.aab0015
https://doi.org/10.1126/science.aab0015
https://doi.org/10.1016/j.cell.2012.05.036
https://doi.org/10.1146/annurev-physiol-020911-153330
https://doi.org/10.1016/s0092-8674(04)00127-8
https://doi.org/10.1186/s13046-020-01617-8
https://doi.org/10.1186/s13046-020-01617-8
https://doi.org/10.1093/carcin/bgt311
https://doi.org/10.1093/carcin/bgt311
https://doi.org/10.1016/j.gene.2012.07.022
https://doi.org/10.1016/j.gene.2012.07.022
https://doi.org/10.1016/j.gene.2005.01.013
https://doi.org/10.1091/mbc.e07-09-0881
https://doi.org/10.1038/ncb0502-e127
https://doi.org/10.1111/j.1749-6632.1999.tb09513.x
https://doi.org/10.7150/thno.45843
https://doi.org/10.1016/j.ecoenv.2023.115043
https://doi.org/10.1016/j.ecoenv.2023.115043
https://doi.org/10.1128/MCB.00163-21
https://doi.org/10.1186/1476-4598-12-7
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412461

Sun et al.

Fagotto, F. (2013). Looking beyond the Wnt pathway for the deep nature of B-catenin.
EMBO Rep. 14, 422-433. doi:10.1038/embor.2013.45

Fei, M. Y., Wang, Y., Chang, B. H., Xue, K., Dong, F., Huang, D., et al. (2023). The
non-cell-autonomous function of ID1 promotes AML progression via ANGPTL7 from
the microenvironment. Blood 142, 903-917. doi:10.1182/blood.2022019537

Fletcher, S. C., Grou, C. P., Legrand, A. J., Chen, X, Soderstrom, K., Poletto, M., et al.
(2018). Spl phosphorylation by ATM downregulates BER and promotes cell
elimination in response to persistent DNA damage. Nucleic Acids Res. 46,
1834-1846. doi:10.1093/nar/gkx1291

French, L. E., and Tschopp, J. (2002). Defective death receptor signaling as a cause of
tumor immune escape. Semin. Cancer Biol. 12, 51-55. doi:10.1006/scbi.2001.0405

Gao, Y, Jia, Z,, Kong, X,, Li, Q., Chang, D. Z., Wei, D,, et al. (2011). Combining
betulinic acid and mithramycin a effectively suppresses pancreatic cancer by inhibiting
proliferation, invasion, and angiogenesis. Cancer. Res. 71 (15), 5182-5193. doi:10.1158/
0008-5472.CAN-10-2016

Gilmour, J., Assi, S. A, Jaegle, U., Kulu, D, van de, W. H,, Clarke, D,, et al. (2014). A
crucial role for the ubiquitously expressed transcription factor Spl at early stages of
hematopoietic specification. Development 141, 2391-2401. doi:10.1242/dev.106054

Gong, L., and Yeh, E. T. (2006). Characterization of a family of nucleolar SUMO-
specific proteases with preference for SUMO-2 or SUMO-3. J. Biol. Chem. 281,
15869-15877. doi:10.1074/jbc.M511658200

Guo, H,, Ren, H,, Han, K,, Li, J,, Dong, Y., Zhao, X,, et al. (2023). Knockdown of
HDACIO inhibits POLE2-mediated DNA damage repair in NSCLC cells by increasing
SP1 acetylation levels. Pulm. Pharmacol. Ther. 83, 102250. doi:10.1016/j.pupt.2023.
102250

Guo, Y.]., Pan, W. W,, Liu, S. B,, Shen, Z. F., Xu, Y., and Hu, L. L. (2020). ERK/MAPK
signalling pathway and tumorigenesis. Exp. Ther. Med. 19, 1997-2007. doi:10.3892/etm.
2020.8454

Han, L, and Kudlow, J. E. (1997). Reduced O glycosylation of Sp1 is associated with
increased proteasome susceptibility. Mol. Cell Biol. 17, 2550-2558. doi:10.1128/MCB.
17.5.2550

Hanahan, D. (2022). Hallmarks of cancer: new dimensions. Cancer Discov. 12 (1),
31-46. doi:10.1158/2159-8290.CD-21-1059

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-70.
doi:10.1016/s0092-8674(00)81683-9

Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next generation.
Cell 144, 646-674. doi:10.1016/j.cell.2011.02.013

Hau, P. M., Deng, W., Jia, L., Yang, J., Tsurumi, T., Chiang, A. K,, et al. (2015). Role of
ATM in the formation of the replication compartment during lytic replication of
Epstein-Barr virus in nasopharyngeal epithelial cells. J. Virol. 89, 652-668. doi:10.1128/
JVI1.01437-14

Hedrick, E., Cheng, Y., Jin, U. H., Kim, K., and Safe, S. (2016). Specificity protein (Sp)
transcription factors Sp1, Sp3 and Sp4 are non-oncogene addiction genes in cancer cells.
Oncotarget 7, 22245-22256. doi:10.18632/oncotarget.7925

Hsu, M. C,, Chang, H. C,, and Hung, W. C. (2006). HER-2/neu represses the
metastasis suppressor RECK via ERK and Sp transcription factors to promote cell
invasion. J. Biol. Chem. 281, 4718-4725. d0i:10.1074/jbc.M510937200

Huang, G., Cai, G, Hu, D, Li, J, Xu, Q, Chen, Z, et al. (2022). Low
SP1 SUMOylation-dependent SNHG17 upregulation promotes drug resistance of
gastric cancer through impairing hsa-miR-23b-3p-induced Notch2 inhibition. Cell
Oncol. (Dordr). 45 (6), 1329-1346. doi:10.1007/s13402-022-00722-4

Huang, R., and Rofstad, E. K. (2018). Integrins as therapeutic targets in the organ-
specific metastasis of human malignant melanoma. J. Exp. Clin. Cancer Res. 37, 92.
doi:10.1186/s13046-018-0763-x

Hyun, S. W., Kim, S.J., Park, K., Rho, H. M., and Lee, Y. I. (1993). Characterization of
the P4 promoter region of the human insulin-like growth factor II gene. FEBS Lett. 332,
153-158. doi:10.1016/0014-5793(93)80503-m

Ito, T., Azumano, M., Uwatoko, C., Itoh, K., and Kuwahara, J. (2009). Role of zinc
finger structure in nuclear localization of transcription factor Spl. Biochem. Biophys.
Res. Commun. 380, 28-32. doi:10.1016/j.bbrc.2008.12.165

Tto, T., Kitamura, H., Uwatoko, C., Azumano, M., Itoh, K., and Kuwahara, J. (2010).
Interaction of Spl zinc finger with transport factor in the nuclear localization of
transcription factor Spl. Biochem. Biophys. Res. Commun. 403, 161-166. doi:10.1016/j.
bbrc.2010.10.036

Jackson, S. P., MacDonald, J. J., Lees-Miller, S., and Tjian, R. (1990). GC box binding
induces phosphorylation of Sp1 by a DNA-dependent protein kinase. Cell 63, 155-165.
doi:10.1016/0092-8674(90)90296-q

Jackson, S. P., and Tjian, R. (1988). O-glycosylation of eukaryotic transcription
factors: implications for mechanisms of transcriptional regulation. Cell 55, 125-133.
doi:10.1016/0092-8674(88)90015-3

Jensen, D. E.,, Rich, C. B,, Terpstra, A. J., Farmer, S. R., and Foster, J. A. (1995).
Transcriptional regulation of the elastin gene by insulin-like growth factor-I involves
disruption of Sp1 binding. Evidence for the role of Rb in mediating Sp1 binding in aortic
smooth muscle cells. J. Biol. Chem. 270, 6555-6563. doi:10.1074/jbc.270.12.6555

Frontiers in Cell and Developmental Biology

13

10.3389/fcell.2024.1412461

Jha, K., Kumar, A., Bhatnagar, K., Patra, A., Bhavesh, N. S., Singh, B., et al. (2024).
Modulation of Kriippel-like factors (KLFs) interaction with their binding partners in
cancers through acetylation and phosphorylation. Biochim. Biophys. Acta Gene Regul.
Mech. 1867, 195003. doi:10.1016/j.bbagrm.2023.195003

Jhu, J. W, Yan, J. B, Lin, Z. H,, Lin, S. C,, and Peng, I. C. (2021). SREBP1-Induced
glutamine synthetase triggers a feedforward loop to upregulate SREBP1 through
Spl O-GlcNAcylation and augments lipid droplet formation in cancer cells. Int.
J. Mol. Sci. 22, 9814. doi:10.3390/ijms22189814

Jia, Z., Gao, Y., Wang, L., Li, Q., Zhang, J., Le, X, et al. (2010). Combined treatment of
pancreatic cancer with mithramycin A and tolfenamic acid promotes Sp1 degradation
and synergistic antitumor activity. Cancer. Res. 70, 1111-1119. doi:10.1158/0008-5472.
CAN-09-3282

Jiang, Y., Wang, L., Gong, W., Wei, D., Le, X, Yao, J., et al. (2004). A high expression
level of insulin-like growth factor I receptor is associated with increased expression of
transcription factor Spl and regional lymph node metastasis of human gastric cancer.
Clin. Exp. Metastasis 21, 755-764. doi:10.1007/s10585-005-1198-2

Jimenez, S. K., Sheikh, F., Jin, Y., Detillieux, K. A., Dhaliwal, J., Kardami, E., et al.
(2004). Transcriptional regulation of FGF-2 gene expression in cardiac myocytes.
Cardiovasc Res. 62, 548-557. doi:10.1016/j.cardiores.2004.01.032

Jumaniyazova, E., Aghajanyan, A., Kurevlev, S., Tskhovrebova, L., Makarov, A.,
Gordon, K,, et al. (2024). SP1 gene methylation in head and neck squamous cell cancer
in HPV-negative patients. Genes (Basel) 15 (3), 281. doi:10.3390/genes15030281

Kageyama, R., Merlino, G. T., and Pastan, L. (1988). Epidermal growth factor (EGF)
receptor gene transcription. Requirement for Sp1 and an EGF receptor-specific factor.
J. Biol. Chem. 263, 6329-6336. doi:10.1016/50021-9258(18)68790-3

Kim, C. K., He, P., Bialkowska, A. B, and Yang, V. W. (2017). SP and KLF
transcription factors in digestive physiology and diseases. Gastroenterology 152,
1845-1875. doi:10.1053/j.gastro.2017.03.035

Kitadai, Y., Yasui, W., Yokozaki, H., Kuniyasu, H., Haruma, K., Kajiyama, G., et al.
(1992). The level of a transcription factor Sp1 is correlated with the expression of EGF
receptor in human gastric carcinomas. Biochem. Biophys. Res. Commun. 189,
1342-1348. doi:10.1016/0006-291x(92)90221-6

Kriwacki, R. W., Schultz, S. C,, Steitz, T. A., and Caradonna, J. P. (1992). Sequence-
specific recognition of DNA by zinc-finger peptides derived from the transcription
factor Spl. Proc. Natl. Acad. Sci. U. S. A. 89, 9759-9763. doi:10.1073/pnas.89.20.9759

Li, L., and Davie, J. R. (2010). The role of Spl and Sp3 in normal and cancer cell
biology. Ann. Anat. 192, 275-283. doi:10.1016/j.aanat.2010.07.010

Liu, Y. S, Hsu, J. W, Lin, H. Y., Lai, S. W., Huang, B. R,, Tsai, C. F,, et al. (2019).
Bradykinin Bl receptor contributes to interleukin-8 production and glioblastoma
migration through interaction of STAT3 and SP-1. Neuropharmacology. 144,
143-154. doi:10.1016/j.neuropharm.2018.10.033

Locke, W. J., Guanzon, D., Ma, C,, Liew, Y. J,, Duesing, K. R,, Fung, K. Y. C,, et al.
(2019). DNA methylation cancer biomarkers: translation to the clinic. Front. Genet. 10,
1150. doi:10.3389/fgene.2019.01150

Ma, Z., Chang, M. J., Shah, R,, Adamski, J., Zhao, X., and Benveniste, E. N. (2004).
Brg-1 is required for maximal transcription of the human matrix metalloproteinase-2
gene. J. Biol. Chem. 279 (44), 46326-46334. doi:10.1074/jbc.M405438200

MacDonald, B. T., Tamai, K., and He, X. (2009). Wnt/beta-catenin signaling:
components, mechanisms, and diseases. Dev. Cell 17, 9-26. doi:10.1016/j.devcel.
2009.06.016

Majumdar, G., Harrington, A., Hungerford, J., Martinez-Hernandez, A., Gerling, I. C,,
Raghow, R, et al. (2006). Insulin dynamically regulates calmodulin gene expression by
sequential o-glycosylation and phosphorylation of spl and its subcellular
compartmentalization in liver cells. J. Biol. Chem. 281, 3642-3650. doi:10.1074/jbc.
M511223200

Maksimovic-Ivanic, D., Stosic-Grujicic, S., Nicoletti, F., and Mijatovic, S. (2012).
Resistance to TRAIL and how to surmount it. Immunol. Res. 52, 157-168. doi:10.1007/
$12026-012-8284-8

Mao, D., Zhou, Z., Chen, H., Liu, X,, Li, D., Chen, X, et al. (2023). Pleckstrin-2
promotes tumour immune escape from NK cells by activating the MT1-MMP-MICA
signalling axis in gastric cancer. Cancer Lett. 572, 216351. Epub 2023 Aug 15. PMID:
37591356. doi:10.1016/j.canlet.2023.216351

Maor, S., Yosepovich, A., Papa, M. Z,, Yarden, R. I, Mayer, D., Friedman, E., et al.
(2007). Elevated insulin-like growth factor-I receptor (IGF-IR) levels in primary breast
tumors associated with BRCA1 mutations. Cancer Lett. 257, 236-243. doi:10.1016/j.
canlet.2007.07.019

Mastrangelo, I. A., Courey, A. J., Wall, J. S., Jackson, S. P., and Hough, P. V. (1991).
DNA looping and Sp1 multimer links: a mechanism for transcriptional synergism and
enhancement. Proc. Natl. Acad. Sci. U. S. A. 88,5670-5674. doi:10.1073/pnas.88.13.5670

Mir, R, Sharma, A., Pradhan, S.]., and Galande, S. (2018). Regulation of transcription
factor SP1 by the B-catenin destruction complex modulates Wnt response. Mol. Cell
Biol. 38, €00188-¢00218. doi:10.1128/MCB.00188-18

Moremen, K. W., Tiemeyer, M., and Nairn, A. V. (2012). Vertebrate protein
glycosylation: diversity, synthesis and function. Nat. Rev. Mol. Cell Biol. 13,
448-462. doi:10.1038/nrm3383

frontiersin.org


https://doi.org/10.1038/embor.2013.45
https://doi.org/10.1182/blood.2022019537
https://doi.org/10.1093/nar/gkx1291
https://doi.org/10.1006/scbi.2001.0405
https://doi.org/10.1158/0008-5472.CAN-10-2016
https://doi.org/10.1158/0008-5472.CAN-10-2016
https://doi.org/10.1242/dev.106054
https://doi.org/10.1074/jbc.M511658200
https://doi.org/10.1016/j.pupt.2023.102250
https://doi.org/10.1016/j.pupt.2023.102250
https://doi.org/10.3892/etm.2020.8454
https://doi.org/10.3892/etm.2020.8454
https://doi.org/10.1128/MCB.17.5.2550
https://doi.org/10.1128/MCB.17.5.2550
https://doi.org/10.1158/2159-8290.CD-21-1059
https://doi.org/10.1016/s0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1128/JVI.01437-14
https://doi.org/10.1128/JVI.01437-14
https://doi.org/10.18632/oncotarget.7925
https://doi.org/10.1074/jbc.M510937200
https://doi.org/10.1007/s13402-022-00722-4
https://doi.org/10.1186/s13046-018-0763-x
https://doi.org/10.1016/0014-5793(93)80503-m
https://doi.org/10.1016/j.bbrc.2008.12.165
https://doi.org/10.1016/j.bbrc.2010.10.036
https://doi.org/10.1016/j.bbrc.2010.10.036
https://doi.org/10.1016/0092-8674(90)90296-q
https://doi.org/10.1016/0092-8674(88)90015-3
https://doi.org/10.1074/jbc.270.12.6555
https://doi.org/10.1016/j.bbagrm.2023.195003
https://doi.org/10.3390/ijms22189814
https://doi.org/10.1158/0008-5472.CAN-09-3282
https://doi.org/10.1158/0008-5472.CAN-09-3282
https://doi.org/10.1007/s10585-005-1198-2
https://doi.org/10.1016/j.cardiores.2004.01.032
https://doi.org/10.3390/genes15030281
https://doi.org/10.1016/s0021-9258(18)68790-3
https://doi.org/10.1053/j.gastro.2017.03.035
https://doi.org/10.1016/0006-291x(92)90221-6
https://doi.org/10.1073/pnas.89.20.9759
https://doi.org/10.1016/j.aanat.2010.07.010
https://doi.org/10.1016/j.neuropharm.2018.10.033
https://doi.org/10.3389/fgene.2019.01150
https://doi.org/10.1074/jbc.M405438200
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1016/j.devcel.2009.06.016
https://doi.org/10.1074/jbc.M511223200
https://doi.org/10.1074/jbc.M511223200
https://doi.org/10.1007/s12026-012-8284-8
https://doi.org/10.1007/s12026-012-8284-8
https://doi.org/10.1016/j.canlet.2023.216351
https://doi.org/10.1016/j.canlet.2007.07.019
https://doi.org/10.1016/j.canlet.2007.07.019
https://doi.org/10.1073/pnas.88.13.5670
https://doi.org/10.1128/MCB.00188-18
https://doi.org/10.1038/nrm3383
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412461

Sun et al.

Mukhopadhyay, D., and Riezman, H. (2007). Proteasome-independent functions of
ubiquitin in endocytosis and signaling. Science 315, 201-205. doi:10.1126/science.
1127085

Murthy, D., Attri, K. S., Shukla, S. K., Thakur, R., Chaika, N. V., He, C, et al. (2024).
Cancer-associated fibroblast-derived acetate promotes pancreatic cancer development
by altering polyamine metabolism via the ACSS2-SP1-SAT1 axis. Nat. Cell Biol. 26 (4),
613-627. doi:10.1038/s41556-024-01372-4

Narayan, V. A,, Kriwacki, R. W., and Caradonna, J. P. (1997). Structures of zinc finger
domains from transcription factor Spl. Insights into sequence-specific protein-DNA
recognition. J. Biol. Chem. 272, 7801-7809. doi:10.1074/jbc.272.12.7801

Ohlsson, C., Kley, N., Werner, H., and LeRoith, D. (1998). p53 regulates insulin-like
growth factor-I (IGF-I) receptor expression and IGF-I-induced tyrosine
phosphorylation in an osteosarcoma cell line: interaction between p53 and Spl.
Endocrinology 139, 1101-1107. doi:10.1210/endo.139.3.5832

Oka, S., Shiraishi, Y., Yoshida, T., Ohkubo, T., Sugiura, Y., and Kobayashi, Y. (2004).
NMR structure of transcription factor Spl DNA binding domain. Biochemistry 43,
16027-16035. doi:10.1021/bi048438p

Okamoto, M., Ono, M., Uchiumi, T., Ueno, H., Kohno, K., Sugimachi, K, et al. (2002).
Up-regulation of thrombospondin-1 gene by epidermal growth factor and transforming
growth factor beta in human cancer cells--transcriptional activation and messenger
RNA stabilization. Biochim. Biophys. Acta 1574, 24-34. doi:10.1016/s0167-4781(01)
00345-1

Orzechowska-Licari, E. J., LaComb, J. F., Mojumdar, A., and Bialkowska, A. B. (2022).
SP and KLF transcription factors in cancer metabolism. Int. J. Mol. Sci. 23, 9956. doi:10.
3390/ijms23179956

Park, J., Cho, J., and Song, E. J. (2020). Ubiquitin-proteasome system (UPS) as a target
for anticancer treatment. Arch. Pharm. Res. 43, 1144-1161. doi:10.1007/s12272-020-
01281-8

Pascall, J. C., and Brown, K. D. (1997). Identification of a minimal promoter element
of the mouse epidermal growth factor gene. Biochem. J. 324, 869-875. doi:10.1042/
bj3240869

Payson, R. A, Chotani, M. A., and Chiu, I. M. (1998). Regulation of a promoter of the
fibroblast growth factor 1 gene in prostate and breast cancer cells. J. Steroid Biochem.
Mol. Biol. 66, 93-103. doi:10.1016/s0960-0760(98)00051-x

Pinho, S. S., and Reis, C. A. (2015). Glycosylation in cancer: mechanisms and clinical
implications. Nat. Rev. Cancer 15, 540-555. doi:10.1038/nrc3982

Plotnikov, A., Zehorai, E., Procaccia, S., and Seger, R. (2011). The MAPK cascades:
signaling components, nuclear roles and mechanisms of nuclear translocation. Biochim.
Biophys. Acta 1813, 1619-1633. doi:10.1016/j.bbamcr.2010.12.012

Ren, G, Li, H,, Hong, D., Hu, F,, Jin, R, Wu, S,, et al. (2023). LINC00955 suppresses
colorectal cancer growth by acting as a molecular scaffold of TRIM25 and Sp1 to Inhibit
DNMT3B-mediated methylation of the PHIP promoter. BMC Cancer 23, 898. doi:10.
1186/512885-023-11403-2

Ryczko, M. C., Pawling, J., Chen, R, Abdel Rahman, A. M,, Yau, K., Copeland, J. K.,
et al. (2016). Metabolic reprogramming by hexosamine biosynthetic and golgi N-glycan
branching pathways. Sci. Rep. 6, 23043. doi:10.1038/srep23043

Safe, S. (2023). Specificity proteins (sp) and cancer. Int. J. Mol. Sci. 24, 5164. doi:10.
3390/ijms24065164

Safe, S., Abbruzzese, J., Abdelrahim, M., and Hedrick, E. (2018). Specificity protein
transcription factors and cancer: opportunities for drug development. Cancer Prev. Res.
(Phila) 11, 371-382. doi:10.1158/1940-6207.CAPR-17-0407

Safe, S., and Kasiappan, R. (2016). Natural products as mechanism-based anticancer
agents: sp transcription factors as targets. Phytother. Res. 30 (11), 1723-1732. doi:10.
1002/ptr.5669

Santiago, F. S., and Khachigian, L. M. (2004). Ets-1 stimulates platelet-derived growth
factor A-chain gene transcription and vascular smooth muscle cell growth via
cooperative interactions with Spl. Circ. Res. 95, 479-487. doi:10.1161/01.RES.
0000141135.36279.67

Seo, S. U., Woo, S. M,, Lee, S. G., Kim, M. Y., Lee, H. S., Choi, Y. H,, et al. (2022).
BAP1 phosphorylation-mediated Sp1 stabilization plays a critical role in cathepsin K
inhibition-induced C-terminal p53-dependent Bax upregulation. Redox Biol. 53,
102336. doi:10.1016/j.redox.2022.102336

Shiloh, Y., and Ziv, Y. (2013). The ATM protein kinase: regulating the cellular
response to genotoxic stress, and more. Nat. Rev. Mol. Cell Biol. 14, 197-210. doi:10.
1038/nrm3546

Slawson, C., and Hart, G. W. (2011). O-GlcNAc signalling: implications for cancer cell
biology. Nat. Rev. Cancer 11, 678-684. doi:10.1038/nrc3114

Snider, N. T., and Omary, M. B. (2014). Post-translational modifications of
intermediate filament proteins: mechanisms and functions. Nat. Rev. Mol. Cell Biol.
15, 163-177. d0i:10.1038/nrm3753

Song, Y., Qu, Y., Mao, C,, Zhang, R,, Jiang, D., and Sun, X. (2024). Post-translational
modifications of Keapl: the state of the art. Front. Cell Dev. Biol. 11, 1332049. doi:10.
3389/fcell.2023.1332049

Sriramachandran, A. M., and Dohmen, R.J. (2014). SUMO-targeted ubiquitin ligases.
Biochim. Biophys. Acta 1843, 75-85. doi:10.1016/j.bbamcr.2013.08.022

Frontiers in Cell and Developmental Biology

14

10.3389/fcell.2024.1412461

Stoner, M., Wormke, M., Saville, B., Samudio, I., Qin, C., Abdelrahim, M., et al.
(2004). Estrogen regulation of vascular endothelial growth factor gene expression in ZR-
75 breast cancer cells through interaction of estrogen receptor alpha and SP proteins.
Oncogene 23, 1052-1063. doi:10.1038/sj.0nc.1207201

Tan, N. Y., and Khachigian, L. M. (2009). Sp1 phosphorylation and its regulation of
gene transcription. Mol. Cell Biol. 29, 2483-2488. doi:10.1128/MCB.01828-08

Thakur, B. K., Dasgupta, N., Ta, A., and Das, S. (2016). Physiological TLR5 expression
in the intestine is regulated by differential DNA binding of Sp1/Sp3 through
simultaneous Spl dephosphorylation and Sp3 phosphorylation by two different
PKC isoforms. Nucleic Acids Res. 44, 5658-5672. doi:10.1093/nar/gkw189

Thiesen, H. J., and Schréder, B. (1991). Amino acid substitutions in the SP1 zinc
finger domain alter the DNA binding affinity to cognate SP1 target site. Biochem.
Biophys. Res. Commun. 175, 333-338. doi:10.1016/50006-291x(05)81239-2

Triscivoglio, D., Iervolino, A., Candiloro, A., Fibbi, G., Fanciulli, M.,
Zangemeister-Wittke, U., et al. (2004). bcl-2 induction of wurokinase
plasminogen activator receptor expression in human cancer cells through
Spl activation: involvement of ERKI1/ERK2 activity. J. Biol. Chem. 279,
6737-6745. doi:10.1074/jbc.M308938200

Vijay-Kumar, M., Aitken, J. D., Sanders, C. J., Frias, A., Sloane, V. M., Xu, J., et al.
(2008a). Flagellin treatment protects against chemicals, bacteria, viruses, and radiation.
J. Immunol. 180, 8280-8285. doi:10.4049/jimmunol.180.12.8280

Vijay-Kumar, M., and Gewirtz, A. T. (2008b). Guardians of the gut: newly appreciated
role of epithelial toll-like receptors in protecting the intestine. Gastroenterology 135,
351-354. doi:10.1053/j.gastro.2008.06.064

Vizcaino, C., Mansilla, S., and Portugal, J. (2015). Sp1 transcription factor: a long-
standing target in cancer chemotherapy. Pharmacol. Ther. 152, 111-124. doi:10.1016/j.
pharmthera.2015.05.008

Waby, J. S., Bingle, C. D., and Corfe, B. M. (2008). Post-translational control of sp-
family transcription factors. Curr. Genomics 9, 301-311. doi:10.2174/
138920208785133244

Wang, D., Li, M., Shen, H., Yang, J., Gao, Z., and Tang, Y. (2023). Iron deficiency
increases phosphorylation of SP1 to upregulate SPNS2 expression in
hepatocellular carcinoma. Biol. Trace Elem. Res. 201 (4), 1689-1694. doi:10.
1007/s12011-022-03296-2

Wang, M., Sang, J., Ren, Y. Liu, K, Liu, X., Zhang, J., et al. (2016).
SENP3 regulates the global protein turnover and the Sp1 level via antagonizing
SUMO2/3-targeted ubiquitination and degradation. Protein Cell 7, 63-77. doi:10.
1007/s13238-015-0216-7

Wang, M., Xia, D., Xu, D,, Yin, Y., Xu, F., Zhang, B,, et al. (2024). Neovascularization
directed by CAVIN1/CCBE1/VEGFC confers TMZ-resistance in glioblastoma. Cancer
Lett. 582, 216593. doi:10.1016/j.canlet.2023.216593

Wang, P, Song, Y., Li, H,, Zhuang, J., Shen, X., Yang, W., et al. (2023). SIRPA
enhances osteosarcoma metastasis by stabilizing SP1 and promoting SLC7A3-mediated
arginine uptake. Cancer Lett. 576, 216412. doi:10.1016/j.canlet.2023.216412

Wang, R, and Wang, G. (2019). Protein modification and autophagy activation. Adv.
Exp. Med. Biol. 1206, 237-259. d0i:10.1007/978-981-15-0602-4_12

Wei, S., Chuang, H. C,, Tsai, W. C,, Yang, H. C,, Ho, S. R, Paterson, A. J., et al. (2009).
Thiazolidinediones mimic glucose starvation in facilitating Sp1 degradation through the
up-regulation of beta-transducin repeat-containing protein. Mol. Pharmacol. 76, 47-57.
doi:10.1124/mol.109.055376

Wu, Y., Shi, L., Zhao, Y., Chen, P, Cui, R, Ji, M, et al. (2021). Synergistic activation of
mutant TERT promoter by Spl and GABPA in BRAFY***-driven human cancers.
NPJ Precis. Oncol. 5, 3. doi:10.1038/s41698-020-00140-5

Xiao, Q., Zheng, F., Wu, J., Tang, Q., Wang, W., and Hann, S. S. (2017). Activation of
ERK and mutual regulation of Stat3 and SP1 contribute to inhibition of
PDK1 expression by atractylenolide-1 in human lung cancer cells. Cell Physiol.
Biochem. 43 (6), 2353-2366. doi:10.1159/000484387

Yang, L., Huang, K,, Li, X, Du, M., Kang, X,, Luo, X,, et al. (2013). Identification of
poly(ADP-ribose) polymerase-1 as a cell cycle regulator through modulating
Spl mediated transcription in human hepatoma cells. PLoS One 8, €82872. doi:10.
1371/journal.pone.0082872

Yang, W. B., Chuang, J. Y., Ko, C. Y., Chang, W. C, and Hsu, T. L. (2019).
Dehydroepiandrosterone induces temozolomide resistance through modulating
phosphorylation and acetylation of Spl in glioblastoma. Mol. Neurobiol. 56,
2301-2313. doi:10.1007/s12035-018-1221-7

Yang, X,, and Qian, K. (2017). Protein O-GlcNAcylation: emerging mechanisms and
functions. Nat. Rev. Mol. Cell Biol. 18, 452-465. doi:10.1038/nrm.2017.22

Yang, X., Su, K., Roos, M. D., Chang, Q., Paterson, A.J., and Kudlow, J. E. (2001).
O-linkage of N-acetylglucosamine to Spl activation domain inhibits its
transcriptional capability. Proc. Natl. Acad. Sci. U. S. A. 98, 6611-6616. doi:10.
1073/pnas.111099998

Yao, J. C, Wang, L., Wei, D.,, Gong, W., Hassan, M., Wu, T. T,, et al. (2004).
Association between expression of transcription factor Spl and increased vascular
endothelial growth factor expression, advanced stage, and poor survival in patients with
resected gastric cancer. Clin. Cancer Res. 10, 4109-4117. doi:10.1158/1078-0432.CCR-
03-0628

frontiersin.org


https://doi.org/10.1126/science.1127085
https://doi.org/10.1126/science.1127085
https://doi.org/10.1038/s41556-024-01372-4
https://doi.org/10.1074/jbc.272.12.7801
https://doi.org/10.1210/endo.139.3.5832
https://doi.org/10.1021/bi048438p
https://doi.org/10.1016/s0167-4781(01)00345-1
https://doi.org/10.1016/s0167-4781(01)00345-1
https://doi.org/10.3390/ijms23179956
https://doi.org/10.3390/ijms23179956
https://doi.org/10.1007/s12272-020-01281-8
https://doi.org/10.1007/s12272-020-01281-8
https://doi.org/10.1042/bj3240869
https://doi.org/10.1042/bj3240869
https://doi.org/10.1016/s0960-0760(98)00051-x
https://doi.org/10.1038/nrc3982
https://doi.org/10.1016/j.bbamcr.2010.12.012
https://doi.org/10.1186/s12885-023-11403-2
https://doi.org/10.1186/s12885-023-11403-2
https://doi.org/10.1038/srep23043
https://doi.org/10.3390/ijms24065164
https://doi.org/10.3390/ijms24065164
https://doi.org/10.1158/1940-6207.CAPR-17-0407
https://doi.org/10.1002/ptr.5669
https://doi.org/10.1002/ptr.5669
https://doi.org/10.1161/01.RES.0000141135.36279.67
https://doi.org/10.1161/01.RES.0000141135.36279.67
https://doi.org/10.1016/j.redox.2022.102336
https://doi.org/10.1038/nrm3546
https://doi.org/10.1038/nrm3546
https://doi.org/10.1038/nrc3114
https://doi.org/10.1038/nrm3753
https://doi.org/10.3389/fcell.2023.1332049
https://doi.org/10.3389/fcell.2023.1332049
https://doi.org/10.1016/j.bbamcr.2013.08.022
https://doi.org/10.1038/sj.onc.1207201
https://doi.org/10.1128/MCB.01828-08
https://doi.org/10.1093/nar/gkw189
https://doi.org/10.1016/s0006-291x(05)81239-2
https://doi.org/10.1074/jbc.M308938200
https://doi.org/10.4049/jimmunol.180.12.8280
https://doi.org/10.1053/j.gastro.2008.06.064
https://doi.org/10.1016/j.pharmthera.2015.05.008
https://doi.org/10.1016/j.pharmthera.2015.05.008
https://doi.org/10.2174/138920208785133244
https://doi.org/10.2174/138920208785133244
https://doi.org/10.1007/s12011-022-03296-2
https://doi.org/10.1007/s12011-022-03296-2
https://doi.org/10.1007/s13238-015-0216-7
https://doi.org/10.1007/s13238-015-0216-7
https://doi.org/10.1016/j.canlet.2023.216593
https://doi.org/10.1016/j.canlet.2023.216412
https://doi.org/10.1007/978-981-15-0602-4_12
https://doi.org/10.1124/mol.109.055376
https://doi.org/10.1038/s41698-020-00140-5
https://doi.org/10.1159/000484387
https://doi.org/10.1371/journal.pone.0082872
https://doi.org/10.1371/journal.pone.0082872
https://doi.org/10.1007/s12035-018-1221-7
https://doi.org/10.1038/nrm.2017.22
https://doi.org/10.1073/pnas.111099998
https://doi.org/10.1073/pnas.111099998
https://doi.org/10.1158/1078-0432.CCR-03-0628
https://doi.org/10.1158/1078-0432.CCR-03-0628
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412461

Sun et al.

Yi, W., Clark, P. M., Mason, D. E., Keenan, M. C,, Hill, C., Goddard, W. A. 3rd,, et al.
(2012). Phosphofructokinase 1 glycosylation regulates cell growth and metabolism.
Science 337, 975-980. doi:10.1126/science.1222278

Yu, D. C,, Waby, J. S., Chirakkal, H., Staton, C. A., and Corfe, B. M. (2010). Butyrate
suppresses expression of neuropilin I in colorectal cell lines through inhibition of
Spl transactivation. Mol. Cancer 9, 276. doi:10.1186/1476-4598-9-276

Yu, Q. Liu, W., Chen, Z., and Zhang, M. (2021). Specificity protein 1: a protein with a
two-sided role in ischemic stroke. Front. Cell Neurosci. 15, 757670. doi:10.3389/fncel.
2021.757670

Zhang, C, Wu, Q, Huang, H,, Chen, X,, Huang, T., Li, W,, et al. (2019). Caveolin-1
promotes Rfng expression via Erk-Jnk-p38 signaling pathway in mouse hepatocarcinoma
cells. . Physiol. Biochem. 75, 549-559. doi:10.1007/s13105-019-00703-6

Zhang, Y., Liao, M., and Dufau, M. L. (2006). Phosphatidylinositol 3-kinase/protein
kinase Czeta-induced phosphorylation of Spl and p107 repressor release have a critical
role in histone deacetylase inhibitor-mediated derepression [corrected] of transcription
of the luteinizing hormone receptor gene. Mol. Cell Biol. 26, 6748-6761. doi:10.1128/
MCB.00560-06

Frontiers in Cell and Developmental Biology

15

10.3389/fcell.2024.1412461

Zhao, J., Ye, W., Wu, ], Liu, L,, Yang, L., Gao, L, et al. (2015). Sp1-CD147 positive
feedback loop promotes the invasion ability of ovarian cancer. Oncol. Rep. 34 (1), 67-76.
doi:10.3892/0r.2015.3999

Zhao, S., Venkatasubbarao, K., Li, S., and Freeman, J. W. (2003). Requirement of a
specific Spl site for histone deacetylase-mediated repression of transforming growth
factor beta Type II receptor expression in human pancreatic cancer cells. Cancer Res. 63,
2624-2630.

Zheng, X, Sarode, P., Weigert, A., Turkowski, K., Chelladurai, P., Giinther, S., et al.
(2023). The HDAC2-SP1 Axis orchestrates protumor macrophage polarization. Cancer
Res. 83 (14), 2345-2357. doi:10.1158/0008-5472.CAN-22-1270

Zhou, Z., Zhang, J., Xu, C,, Yang, J., Zhang, Y., Liu, M, et al. (2021). An integrated
model of N6-methyladenosine regulators to predict tumor aggressiveness and immune

evasion in pancreatic cancer. EBioMedicine 65, 103271. doi:10.1016/j.ebiom.2021.
103271

Zhu, W, Li, Z,, Xiong, L., Yu, X,, Chen, X,, and Lin, Q. (2017). FKBP3 promotes
proliferation of non-small cell lung cancer cells through regulating sp1/HDAC2/p27.
Theranostics 7, 3078-3089. doi:10.7150/thno.18067

frontiersin.org


https://doi.org/10.1126/science.1222278
https://doi.org/10.1186/1476-4598-9-276
https://doi.org/10.3389/fncel.2021.757670
https://doi.org/10.3389/fncel.2021.757670
https://doi.org/10.1007/s13105-019-00703-6
https://doi.org/10.1128/MCB.00560-06
https://doi.org/10.1128/MCB.00560-06
https://doi.org/10.3892/or.2015.3999
https://doi.org/10.1158/0008-5472.CAN-22-1270
https://doi.org/10.1016/j.ebiom.2021.103271
https://doi.org/10.1016/j.ebiom.2021.103271
https://doi.org/10.7150/thno.18067
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1412461

	Role of post-translational modifications of Sp1 in cancer: state of the art
	1 Introduction
	2 Structure and function of Sp1 protein
	2.1 Structure of Sp1 protein
	2.2 Function of Sp1 protein in cancer

	3 Sp1 PTMs in cancer
	3.1 Phosphorylation
	3.1.1 ERK-mediated Sp1 phosphorylation
	3.1.2 ATM kinase-mediated Sp1 phosphorylation
	3.1.3 PI3K kinase-mediated Sp1 phosphorylation

	3.2 Ubiquitination
	3.3 SUMOylation
	3.4 Glycosylation
	3.5 Acetylation
	3.6 Methylation
	3.7 Crosstalk between different PTMs
	3.7.1 Phosphorylation and ubiquitination
	3.7.2 Phosphorylation and acetylation


	4 Conclusion and perspective
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


