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Abstract

The ST6GAL1 sialyltransferase, which adds «2-6 linked sialic acids to N-glycosylated proteins,
is overexpressed in a wide range of human malignancies. Recent studies have established the
importance of ST6GAL1 in promoting tumor cell behaviors such as invasion, resistance to cell stress
and chemoresistance. Furthermore, ST6GAL1 activity has been implicated in imparting cancer
stem cell characteristics. However, despite the burgeoning interest in the role of STEGALT1 in the
phenotypic features of tumor cells, insufficient attention has been paid to the molecular mecha-
nisms responsible for STEGAL1 upregulation during neoplastic transformation. Evidence suggests
that these mechanisms are multifactorial, encompassing genetic, epigenetic, transcriptional and
posttranslational regulation. The purpose of this review is to summarize current knowledge

regarding the molecular events that drive enriched ST6GAL1 expression in cancer cells.
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Introduction

Aberrant cell surface glycosylation constitutes one of the well-
known hallmarks of a cancer cell (Pinho and Reis 2015; Taniguchi
and Kizuka 2015; Varki et al. 2015; Munkley and Elliott 2016;
Rodrigues et al. 2018). Among the many tumor-associated alterations
in glycan structure, increased surface sialylation has been reported
for at least three decades (Harduin-Lepers et al. 2012; Schultz et al.
2012; Dall’Olio et al. 2014; Pearce and Laubli 2016; Bhide and
Colley 2017; Rodrigues and Macauley 2018). Enhanced tumor
cell sialylation typically results from the overexpression of select
sialyltransferases and/or the downregulation of sialidases such as
Neul or Neu4 (Dall’Olio et al. 2014; Pearce and Laubli 2016; Vajaria
et al. 2016). While increases in both «2-3 and «2-6 sialylation
are common in cancer cells (Harduin-Lepers et al. 2012; Dall’Olio
et al. 2014), some studies have described a selective enrichment
in the @2-6 sialic acid linkage (Sata et al. 1991; Sethi et al.
2015). Tumor cells display elevated levels of a2-6 sialic acids on

O-linked, and N-linked, glycans. For example, the sialylTn antigen
is an @2-6 sialylated O-linked tumor glycan generated, in part, by
the ST6GalNAc family of sialyltransferases (Ju et al. 2013; Munkley
2016). The principal sialyltransferase responsible for adding «2-
6 sialic acids to N-linked tumor glycans is ST6GAL1 (Lu and Gu
2015; Garnham et al. 2019). A second enzyme, ST6GAL2, can also
a2-6 sialylate N-glycans; however, this enzyme seems to be primarily
expressed in the brain (Takashima et al. 2002; Lehoux et al. 2010).
ST6GALT1 is overexpressed in a plethora of human malignancies, and
an extensive literature has established a crucial role for ST6GAL1 in
directing cell behaviors that propel tumor initiation and progression
(Dall’Olio 20005 Lu and Gu 2015; Garnham et al. 2019). While much
is known about ST6GAL1’s functional contribution to tumor cell
characteristics, there is currently a dearth of information regarding
the upstream mechanisms that control ST6GAL1 expression. Accord-
ingly, the focus of this review is on the molecular events that mediate
alterations in ST6GAL1 expression during neoplastic development.
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ST6GAL1 is upregulated in many cancers, and
high levels of ST6GAL1 correlate with a poor
prognosis

The ST6GAL1 enzyme was initially purified by the Paulson labo-
ratory (Weinstein et al. 1982) and the rat and human cDNAs were
cloned a few years later (Weinstein et al. 1987; Grundmann et al.
1990). Around that same time, increases in ST6GAL1 expression and
tumor cell «2—6 sialylation were reported in colon cancer (Dall’Olio
et al. 1989; Sata et al. 1991; Dall’Olio and Trere 1993). Subsequent
studies confirmed ST6GAL1 upregulation in colon carcinoma, as well
as in many other epithelial malignancies including breast, ovarian,
pancreatic, cervical, gastric, liver and prostate cancer (Recchi et al.
1998; Gretschel et al. 2003; Hebbar et al. 2003; Dall’Olio et al.
2004; Wang et al. 2004; Vazquez-Martin et al. 2005; Wang et al.
2005; Swindall et al. 2013; Munkley et al. 2016; Schultz et al. 2016;
Wei et al. 2016; Hsieh et al. 2017; Cui et al. 2018; Wichert et al.
2018). Overexpression of ST6GALI1 has also been observed in some
myeloid leukemias and brain tumors (Skacel et al. 1991; Kaneko
et al. 1996; Mondal et al. 2010). High levels of STE6GAL1 are asso-
ciated with a more advanced tumor grade, metastatic progression,
lymphovascular invasion and reduced progression-free and overall
survival (Recchi et al. 1998; Lise et al. 2000; Schultz et al. 2016; Wei
et al. 20165 Agrawal et al. 2017; Hsieh et al. 2017; Cui et al. 2018;
Wichert et al. 2018). Additionally, numerous cell culture and animal
studies have attested to ST6GAL1’s role in conferring a malignant
cell phenotype. Literature describing ST6GAL1’s tumor-promoting
activity has been widely reviewed elsewhere and will not be a major
focus of this article (Dall’Olio and Chiricolo 2001; Harduin-Lepers
et al. 2012; Park and Lee 2013; Lu and Gu 2015; Bhide and
Colley 2017; Garnham et al. 2019; Li and Ding 2019). However,
in brief, ST6GALI sialylates key surface glycoproteins that regulate
oncogenic signaling networks, for example, select adhesion molecules
and growth factor receptors (Lu and Gu 20155 Garnham et al. 2019).
In turn, this promotes tumor cell behaviors such as migration/in-
vasion, epithelial to mesenchymal transition (EMT), and resistance
to a wide range of cytotoxic stimuli including chemotherapy drugs,
radiation, death receptor ligands, serum deprivation, hypoxia and
apoptotic galectins (Seales et al. 2005; Lee et al. 2008; Lee et al.
2010; Swindall and Bellis 2011; Zhuo and Bellis 2011; Park et al.
2012; Schultz et al. 2013; Lu et al. 2014; Schultz et al. 2016; Wei
et al. 2016; Britain et al. 2017; Hsieh et al. 2017; Chakraborty
et al. 2018; Holdbrooks et al. 2018; Jones et al. 2018). In tandem
with intrinsic effects on tumor cell signaling and phenotype, surface
a2-6 sialic acids serve as ligands for a subset of inhibitory Siglec
receptors, implicating ST6GAL1 in dampening antitumor immunity
(Barenwaldt and Laubli 2019). On the other hand, tumor-suppressive
functions for STEGAL1 have been reported for certain types of cancer
cells. ST6GAL1 expression is downregulated in advanced bladder
cancer (Antony et al. 2014), and Moskal’s group has shown that
forced ST6GAL1 overexpression in the U373 glioblastoma cell line
decreases cell invasion, chemoresistance and iz vivo tumor growth
(Yamamoto et al. 1997; Yamamoto et al. 2001; Dawson et al.
2004). A similar inhibitory effect of ST6GAL1 on cell invasion and
tumor growth has been documented for some colon cancer cell lines
(Chiricolo et al. 2006; Park et al. 2012; Jung et al. 2016; Zhou et al.
2019). As well, ST6GAL1-mediated sialylation appears to inhibit
VEGF-independent angiogenesis (Croci et al. 2014). While further
studies will be needed to resolve these disparate findings, there is
evidence that ST6GAL1 can have cell-type-specific activity (Venturi
et al. 2019).

With the advent of The Cancer Genome Atlas (TCGA), stud-
ies linking ST6GAL1 mRNA expression to patient outcomes have
greatly expanded. Results from these investigations have been mixed,
with some reports describing reduced survival for patients with
high ST6GAL1 mRNA levels (Wichert et al. 2018), and others
suggesting no association (Venturi et al. 2019). However, there are
some caveats to using TCGA transcriptomics data to infer cancer-
associated changes in ST6GAL1 expression. First, it has been noted
that most glycogenes are expressed in low abundance, and therefore,
transcript levels do not accurately correspond with protein expres-
sion (Thu and Mahal 2020). Second, ST6GALL is expressed in most
immune cell populations, and thus, mRNA levels quantified from
whole tumor homogenates represent the combined tumor/immune
cell pool. This can confound comparisons of differential ST6GAL1
mRNA expression across tumor grades or stages, given that immune
cells can, in some malignancies, constitute a significant proportion
of the total tumor cellularity (Kim and Bae 2016). In pancreatic
ductal adenocarcinoma, tumor cells comprise only 5-20% of the cells
within a malignant lesion (Wood and Hruban 2012). Furthermore,
correlations between bulk tumor RNA levels and patient survival
are problematic for immune-expressed genes like STE6GAL1 because
the type of tumor-infiltrating immune cell has a significant effect on
prognosis (Grivennikov et al. 2010; Schnell et al. 2018). The presence
of cells such as cytotoxic T lymphocytes and Natural Killer cells
usually corresponds with a better prognosis, whereas T regulatory
cells and myeloid-derived suppressor cells portend an unfavorable
outcome (all of these immune cell types are ST6GAL1 positive).
Hence, if a large proportion of the bulk tumor mRNA is derived from
the immune compartment, then STEGAL1 mRNA levels within this
immune pool can influence interpretations of disease progression,
survival and other parameters. Newer technologies such as single
cell RNA sequencing may address this issue in the future, enabling
a more definitive view of how tumor cell-specific ST6GALI1 levels
correlate with phenotypic characteristics such as metastatic potential
and chemosensitivity.

Immunohistochemistry (IHC) offers an alternative approach for
analyzing ST6GAL1 expression in tumors. This technique can dis-
tinguish between tumor and immune/stromal cells and also offer
information regarding ST6GAL1 expression in distinct regions of a
tumor (e.g., hypoxic areas and invasive margins). Historically, IHC
analyses of STEGAL1 were limited by the lack of effective antibodies;
however, numerous commercial antibodies have been developed in
recent years. Our group extensively tested many of these and iden-
tified an antibody that is reliable for IHC (Swindall et al. 2013;
Schultz et al. 2016) (as a side note, some antibodies previously used
for IHC were not actually generated against ST6GALI1, such as the
LN1 monoclonal antibody). Using IHC, we confirmed that ST6GAL1
is overexpressed in many epithelial cancers (Swindall et al. 2013;
Schultz et al. 2016), and subsequently, we and others showed that
high ST6GAL1 protein levels correlate with reduced patient survival
(Liu et al. 2014; Schultz et al. 2016; Wei et al. 2016; Hsieh et al.
2017). To demonstrate differential expression of ST6GALI1 protein,
images of IHC-stained normal and malignant pancreatic tissues are
shown in Figure 1. No detectable STEGAL1 expression is found in
normal human pancreatic acinar cells, which are thought to comprise
the cell of origin for most epithelial pancreatic cancers (Figure 1A).
Interestingly, a subset of cells within the islets stains positively for
ST6GAL1 (Figure 1A). Co-staining for ST6GAL1 and insulin in the
murine pancreas revealed that STEGAL1 is expressed in the B cells
of the islets (Figure 1B). Specificity of the antibody is verified by the
lack of ST6GALI1 staining in the islets of St6gall knockout (KO)
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mice (Figure 1B). In contrast to the negligible ST6GAL1 expres-
sion in normal acinar cells, ST6GAL1 is robustly expressed in the
malignant epithelium. In ductal-like malignant lesions, ST6GAL1
expression is detected on the luminal side of the tumor cell nuclei,
consistent with Golgi localization (Noda et al. 2018) (Figure 1C).
In nonpolarized pancreatic cancer cells, ST6GAL1 staining often
presents as multiple punctae (Figure 1D, arrowheads), which aligns
with a long-standing literature describing Golgi disruption in tumor
cells (Kellokumpu et al. 2002). In immune cells, STEGAL1 typically
stains as a single spot adjacent to the nucleus (Figure 1D, arrows).
Tumor cells can be distinguished from immune/stromal cells by
IHC because they have large, amorphous nuclei with prominent
nucleoli. To confirm that ST6GAL1 is expressed in both tumor and
immune populations, tissues were co-stained for ST6GALI1, a tumor-
marker, Sox9 (Figure 1E, arrowheads), and an immune marker, CD435
(Figure 1E, arrows). These examples of ST6GAL1 staining patterns
are provided to illustrate that by using IHC, one can selectively
quantify tumor cell-specific expression of ST6GAL1. This enables
analyses of: (i) ST6GALL1 levels in tumor vs. normal epithelium; (ii)
differences in ST6GAL1 abundance across tumor stages and (iii) the
relationship between the degree of STE6GAL1 expression and clinical
outcomes such as metastatic progression, response to chemotherapy,
and progression-free and overall survival.

ST6Gal-l is upregulated in cancer cells through
gene amplification

Despite substantial evidence that ST6GAL1 is upregulated during
carcinogenesis, the mechanisms that direct increased ST6GALI1
expression remain poorly defined. ST6GAL1 appears to be regulated
through diverse conduits including genetic and epigenetic alterations,
increased transcription and posttranscriptional/posttranslational
processes (Harduin-Lepers et al. 2012). Among these diverse
mechanisms, TCGA databases of genetic modifications in tumors
suggest that one prominent event occurring in malignant cells is an
increase in STEGAL1 gene copy number. As reported, ST6GALI1
is pervasively amplified across many types of human cancers, but
rarely deleted (Dorsett et al. 2019). Mutations in ST6GAL1 also
occur, but these are less common than ST6GALI copy number
gains (Figure 2). Within individual cancer cohorts, the percentage
of tumors harboring ST6GAL1 gene amplifications can be quite
high. For instance, a gain in STEGAL1 copy number is found in 30—
40% of lung squamous cell carcinomas and ~25% of ovarian serous
adenocarcinomas (Figure 2 and Dorsett et al. 2019). The human
ST6GALI1 gene lies within the well-known “3q26” amplicon, which
spans from 3q26-29 (Wang et al. 2013; Fields et al. 2016; Davidson
and Shanks 2017). This amplicon is one of the most frequently
amplified chromosomal segments in epithelial cancers (Sonoda et al.
1997; Wang et al. 2013; Fields et al. 2016; Davidson and Shanks
2017). There are a number of well-known tumor-driver genes within
this amplicon, including SOX2, ECT2, PRKCI (PKCt) and PIK3CA
(catalytic subunit of PI3K) (Fields et al. 2016). A wealth of research
has focused on the potency of this amplicon in promoting neoplastic
development, chemoresistance and a more aggressive, stem-like
tumor cell phenotype (Sonoda et al. 1997; Qian and Massion 2008;
Wang et al. 2013; Fields et al. 2016; Davidson and Shanks 2017);
however, the presence of ST6GALI within this amplicon has gone
unnoticed. While it is possible that ST6GAL1 amplification is a
bystander event, studies in animal models strongly support a causal
role for ST6GAL1 in tumor initiation and progression (Schultz et al.
20165 Hsieh et al. 2017; Zhao et al. 2017). It is tempting to speculate

that some of the tumorigenic activity commonly attributed to other
genes within the 3q26 amplicon may be mediated, at least in part, by
ST6GALI.

Transcription factors that promote ST6GAL1
expression

In addition to copy number alterations, ST6GAL1 expression is
regulated through transcriptional mechanisms, both in cancer and
normal cells (O’Hanlon et al. 1989; Paulson et al. 1989). Transcrip-
tional regulation of ST6GALL1 is complex, encompassing the use of
distinct promoters and alternative splicing events. This facilitates the
expression of ST6GAL1 in a cell-type and tissue-specific manner.
ST6GALT1 levels can vary dramatically in accordance with cell dif-
ferentiation state or in response to specific stimuli (Dall’Olio 2000).
There are multiple ST6GAL1 mRNA isoforms, driven by at least
four different promoters (Svensson et al. 1990; Wang et al. 1990;
Wen et al. 1992; Dall’Olio et al. 2004). The main promoters for
ST6GALT1 are designated as P1,P2 and P3 (Figure 3). P1 is selectively
utilized within the liver; transcription from P2 is restricted to B cells
and P3 is a ubiquitous promoter (Xu et al. 2003; Dall’Olio et al.
2004; Lu and Gu 2015). A fourth promoter, P4, is only active in the
mammary gland during lactation (Dalziel et al. 2001). Each of these
promoters directs the expression of an mRNA species with a distinct
5’ untranslated region (UTR). The ST6GAL1 coding sequence and the
3’UTR are well-conserved among the isoforms, with the exception of
isoform 1b, which encodes a soluble ST6GAL1 enzyme lacking the
transmembrane domain.

In epithelial cancer cells, the most prevalent ST6GAL1 isoforms
are transcribed from either the P1 or P3 promoter (Dall’Olio et al.
20005 Xu et al. 2003; Milflores-Flores et al. 2012). While both of
these promoters have numerous consensus sequences for transcrip-
tion factor binding, very few studies have focused on identifying
the specific factors that mediate ST6GAL1 transcription. Xu et al.
reported that the HNF1 transcription factor binds the ST6GAL1 P1
promoter to upregulate ST6GAL1 in colon cancer cells (Xu et al.
2003). HNF1 is also responsible for the transcription of the P1-
driven isoform in nonmalignant hepatocytes (Svensson et al. 1992).
Contrarily, the STEGAL1 P3 promoter is preferentially utilized in
ovarian cancer cells (Dorsett et al. 2019). In this study, it was shown
that the stem cell transcription factor, Sox2, binds to regions prox-
imal to the P3 promoter and consequently induces both ST6GAL1
expression and cell surface «2—6 sialylation (Dorsett et al. 2019).
These findings may explain, in part, the strong association between
ST6GAL1 and stem-like cancer cells, known as cancer stem cells
(CSCs) or tumor-initiating cells. Multiple studies have demonstrated
that ST6GAL1 activity confers all of the hallmark characteristics of
a CSC including expression of CSC markers, self-renewal capability,
tumor-initiating potential in limiting dilution assays, invasiveness and
chemoresistance (Zhu et al. 2001; Christie et al. 2008; Schultz et al.
2013; Swindall et al. 2013; Chen et al. 2016; Schultz et al. 2016; Wei
et al. 20165 Zhang et al. 2016; Britain et al. 2018; Chakraborty et al.
2018; Cui et al. 2018).

Notably, ST6GAL1 expression is also high in some nonmalignant
stem and progenitor cell populations, as well as stem cell-associated
tissue niches (Swindall et al. 2013; Dorsett et al. 2019; Alexander
et al. 2020; Verge et al. 2020). ST6GAL1 expression is likewise
enriched in a range of induced pluripotent stem cell (iPSC) lines, as
compared with somatic cell lines (Wang et al. 2015). The transduction
of somatic cells with the four Yamanaka factors (one of which
is Sox2) to induce pluripotency causes a marked upregulation in
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Fig. 1. ST6GAL1 expression in normal and malignant pancreatic tissues. STBGAL1 protein expression was evaluated by IHC in pancreatic tissues using a well-
validated antibody, as in our prior studies (Swindall et al. 2013; Schultz et al. 2016). (A) No detectable ST6Gal-l expression was observed in normal pancreatic
acinar cells (red inset); however, a subset of cells within the islets (blue inset) expresses ST6GAL1. Scale bar = 50 uM. (B) Left panel: co-staining for STEGAL1
(red) and insulin (green) in wild-type mice confirms that STEGAL1 is expressed in the 8 cells of the islets. Right panel, no ST6GAL1-positive cells are detected in
the islets of St6gal1 KO mice, verifying specificity of the antibody. Scale bars = 25 yM. (C) In ductal-like malignant lesions, ST6GAL1expression is found on the
luminal side of the nucleus, consistent with Golgi localization. Scale bar = 50 uM. (D) In non-ductal-like malignant lesions, ST6GAL1 staining often presents as
multiple punctae within cancer cells (arrowheads), whereas staining in immune/stromal cells typically appears as a single spot adjacent to the nucleus (arrows).
Scale bar = 50 pM. (E) ST6GAL1 (red) is co-expressed with Sox9 (green), a known tumor cell marker (arrowheads). ST6GAL1 is also found in immune cells
(arrows), illustrated by co-staining with the immune marker CD45 (yellow). Scale bar = 50 uM. This figure is available in black and white in print and in colour

at Glycobiology online.
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Fig. 2. Gene amplification of STEGAL 1 in multiple human cancers. TCGA databases were evaluated using cBioportal (Cerami et al. 2012) for STEGALT mutations
or changes in ST6GAL1 copy number. Amplifications are denoted in red, mutations in green and deletions in blue. Each vertical bar represents a distinct cancer
cohort, with the first three bars on the left representing lung squamous cell carcinomas, and the fourth bar, ovarian serous adenocarcinoma. Included in the
figure are 15 different cancer types showing ST6GAL1 amplification. Original data are available from the TCGA website: https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga This figure is available in black and white in print and in colour at Glycobiology online.
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Fig. 3. Promoters used to transcribe STEGAL1 and their associated mRNA isoforms. Schematic representation of the genomic organization of STEGAL1 and the
three major ST6GAL1 transcripts. The three STE6GAL1T mRNA isoforms share exons |I-VI. The shaded region denotes the coding sequence, which begins in Exon

Il and spans through part of Exon VI. The P3-driven ST6GAL1 isoform (“YZ form”)
form”) includes the untranslated X exon. The P1-driven isoform, referred to as the

includes the untranslated exons Y and Z, whereas the P2-driven isoform (“X
“H form’, has a short sequence (solid) directly upstream of exon I. This figure

was adapted from a manuscript by Dall’Olio et al. (2004). This figure is available in black and white in print and in colour at Glycobiology online.

ST6GAL1 (Tateno et al. 20115 Swindall et al. 2013; Wang et al.
2015). This is accompanied by dramatic changes in the surface
glycome, with somatic cells expressing mostly «2-3 sialylation,
and iPSCs, predominantly «2-6 sialylation (Haschira et al. 2012).
A functional role for ST6GAL1 in cellular reprogramming was
confirmed by experiments showing that the transition to pluripotency
is impeded by shRNA-mediated knockdown of ST6GAL1 (Wang
et al. 2015). Contrasting with enriched expression in stem and
cancer cells, levels of ST6GAL1 in differentiated epithelial cells
are variable. ST6GAL1 protein expression is very low in tissues
such as ovarian surface epithelium and pancreatic acini (Schultz
et al. 2016), whereas hepatocytes, a specialized type of epithelia,
constitutively express a considerable amount of ST6GAL1 (Bhide and
Colley 2017). The molecular processes that repress the expression
of ST6GALL in certain differentiated cell types are even less well-
defined than those that turn on ST6GAL1 expression in cancer cells,
but likely involve promoter methylation, at least in part. While this
review is focused on mechanisms regulating STEGAL1 expression
during carcinogenesis, it is worth noting that the ST6GALI P3
promoter has a CpG island that is hypermethylated in accordance
with cell differentiation state. As an example, Kaburagi et al. reported
that ST6GAL1 downregulation during the differentiation of pre-
adipocytes into adipocytes occurs through P3 promoter methylation
(Kaburagi et al. 2017).

In keeping with a putative function in stem-like cells, ST6GAL1
activity promotes EMT in several cell models (Lu et al. 2014; Britain
et al. 2020). The process of EMT is central to the acquisition
of metastatic potential, and EMT also serves as a mechanism for
generating CSCs (Ye and Weinberg 2015). In a TGFB-induced EMT
model, Lu et al. determined that ST6GAL1 was the only sialylation-
related enzyme to show significant upregulation in response to TGFg,
as compared with 10 other sialyltransferases, the CMP-sialic acid
transporter and the four Neu family member sialidases (Lu et al.
2014). Furthermore, knockdown of ST6GAL1 expression inhibited

TGFB-induced EMT, confirming ST6GAL1’s role in promoting mes-
enchymal cell properties. In this same model, ST6GAL1 upregulation
was dependent upon the SP-1 transcription factor. Transcriptional
regulation of ST6GAL1 by SP-1 has been observed in several cancer
types. SP-1 activates transcription from the ST6GAL1 P3 promoter in
HL60 leukemia cells (Taniguchi et al. 1998), whereas the ST6GAL1
P1 promoter is utilized by SP-1 in HepG2 hepatocellular carcinoma
cells (Milflores-Flores et al. 2012).

Regulation of ST6GAL1 by epigenetic
mechanisms.

A variety of investigations have demonstrated that cancer cells exhibit
changes in ST6GAL1 DNA methylation. Gene methylation can have
either positive or negative effects on gene expression, depending upon
proximity to the transcriptional start site, as well as other factors
(Laurent et al. 2010; Ronneberg et al. 2011). Hypermethylation of
ST6GALI1 has been reported in breast, glioblastoma and bladder
cancer (Antony et al. 2014; Fleischer et al. 2014; Kroes and Moskal
2016), whereas ST6GAL1 is hypomethylated in lung cancer (Vojta
et al. 2016). In glioblastoma and bladder cancer cells, hypermethy-
lation occurs within the CpG island of the P3 promoter, and this
corresponds with decreased expression of ST6GAL1 (Antony et al.
2014; Kroes and Moskal 2016).

ST6GAL1 expression is also regulated by the activity of
microRNAs (miRs). The ST6GAL1 3’UTR has many consensus
sequences for binding of diverse miRs, although to date, only a few
studies have shown direct interaction of miRs with the ST6GAL1
transcript. Han et al. demonstrated that miR-9 is more highly
expressed in nonmetastatic vs. metastatic hepatocellular carcinoma
cells, and forced expression of miR-9 in the metastatic line suppressed
ST6GAL1 expression and cell invasive capability (Han et al. 2018).
Minami et al. (2013) reported that the inhibition of ST6GALI1
expression by miR-199a promoted oncogenic signaling because the
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loss of @2-6 sialylation on Nectin-like molecule 2 (Necl2) ablated
its ability to inhibit the ErbB2/ErbB3 complex. In breast cancer cells,
repression of ST6GAL1 expression by miR-214-3p led to enhanced
breast cancer cell migration and invasion (Tao et al. 2019). Finally,
miR-200, a tumor suppressor miR that inhibits EMT, was shown
to reduce ST6GAL1 expression, although it was not determined
whether this mechanism was direct or indirect (Schliekelman et al.
2011). This latter study employed a broad proteomics screen to
ascertain that metastatic lung cancer cells with low miR-200 levels
had high ST6GAL1 expression (along with other proteins) and a
mesenchymal phenotype, as compared with nonmetastatic cells.
Forced expression of miR-200 reduced ST6GAL1 expression and
reverted EMT.

Posttranscriptional and posttranslational
regulation of ST6GAL1

Other than miR-dependent mechanisms that hinder the translation
of ST6GAL1, not much is known about posttranscriptional regu-
lation. On the other hand, there is substantial evidence of post-
translational regulation of ST6GAL1 through mechanisms including
oligomerization, subcellular localization and proteolytic processing.
Many years ago, the Colley laboratory examined the activity of two
ST6GAL1 isoforms, STtyr and STcys, which have a single amino
acid difference in the catalytic domain (Chen et al. 2000; Bhide
and Colley 2017). It was shown that the STcys form is particularly
prone to oligomerization, and this, in turn, facilitates ST6GAL1
retention within the Golgi (Chen et al. 2000). Golgi localization
of ST6GALL1 is also enhanced by its association with GOLPH3,
a phosphoprotein which is upregulated in cancer, and has onco-
genic activity (Welch and Munro 2019). In a study by Gu’s group,
ST6GAL1 was identified as a direct binding partner for GOLPH3
(Isaji et al. 2014). The formation of the GOLPH3/ST6GAL1 complex
was critical for ST6GAL1-mediated sialylation of the 81 integrin and
B1 integrin-driven cell migration (Isaji et al. 2014). Counterbalancing
mechanisms that retain ST6GAL1 within the Golgi, the proteolytic
cleavage and release of ST6GAL1 from the Golgi is also biologically
important. ST6GALL1 is cleaved by the BACE1 B-secretase, leading to
the secretion of ST6GAL1 (Kitazume et al. 2001). Secreted ST6GAL1
is enzymatically active in the extracellular milieu, if provided with a
source of CMP-sialic acid. Work from the Lau laboratory provided
a seminal advance by determining that platelets release CMP-sialic
acid and that this source of sialic acid can be utilized by extrinsic
ST6GALT1 to sialylate the surface of nearby cells (Lee et al. 2014).
Although not yet tested, this mechanism could be operative within the
tumor microenvironment, given that thrombosis is a common feature
of malignant tissues. In addition to secreted, soluble ST6GALI1,
both cleaved and membrane-bound forms of ST6GAL1 are found
within tumor-derived extracellular vesicles (EVs) including exosomes
(Zhang et al. 2019). The presence of active ST6GALL1 in the extracel-
lular fluid or tumor-derived EVs points to the intriguing possibility
that the ST6GAL1 released from one tumor cell could mediate the
sialylation, and therefore, phenotypic remodeling, of adjacent tumor
or stromal cells.

Oncogenic signaling pathways that induce
ST6GAL1 expression

As another knowledge gap, limited research has been devoted to
identifying intracellular signaling networks that regulate ST6GAL1
expression. Such research would be beneficial for predicting

ST6GAL1 levels in tumor cell subsets that harbor genetic and/or
transcriptomic alterations in known cancer-associated pathways such
as ras, PI3K/AKT, etc. This information would enhance ST6GAL1’s
potential to serve as a biomarker or prognostic indicator. While
studies in this area are scant, the ras pathway has long been
observed to induce ST6GAL1 expression. Activating mutations in
ras constitute one of the most prevalent oncogenic events, occurring
in ~25% of all human cancers (Hobbs et al. 2016) and ranging
up to 93% in malignancies such as pancreatic cancer (Lennerz
and Stenzinger 2015). Nearly 30 years ago, it was observed that
ST6GAL1 expression was elevated in various fibroblast cell lines
following transfection with the ras oncogene (Easton et al. 1991;
Le Marer et al. 19925 Vandamme et al. 1992). This finding was
later corroborated in epithelial cancer cell models (Seales et al.
2003). All three of the ras isoforms, H-, N- and K-ras, stimulate
ST6Gal-I expression (Easton et al. 1991; Le Marer et al. 1992;
Vandamme et al. 1992; Seales et al. 2003; Dalziel et al. 2004). Piller’s
group further showed that oncogenic ras signals through a RalGEF
pathway to induce the expression of the P3-driven ST6GAL1 isoform
(Dalziel et al. 2004). This same study quantified the expression of
multiple «2-6 and «2-3 sialyltransferases in ras-transfected cells and
determined that ST6GAL1 was the principal enzyme upregulated by
oncogenic ras.

More recently, work by Johansson et al. implicated another key
downstream effector of ras, the B-raf kinase, in regulating ST6Gal-
I expression in melanoma cells (Johansson et al. 2007). This group
identified a gene signature that could reliably predict whether a tumor
had activating mutations in BRAF. ST6GAL1 was one of these signa-
ture genes (and the only glycosyltransferase) consistently upregulated
in melanoma cells with mutated BRAF. Taken together, these studies
provide strong evidence pointing to the ras pathway as a critical
signaling node responsible for STEGAL1 overexpression in cancer
cells. However, the specific molecular players that induce ST6GAL1
expression downstream of ras remain to be elucidated. While Piller’s
group confirmed that ras stimulates ST6GAL1 transcription, the
specific transcription factor mediating this event was not determined.
Moreover, ras signaling may also modulate ST6GAL1 expression
through mechanisms independent of transcriptional activation. Given
the preponderance of activated ras signaling in most human cancers,
studies are needed to define the mechanistic link between ras acti-
vation and ST6GAL1 upregulation. Additionally, there is a need to
identify other intracellular signaling cascades that may contribute to
ST6GAL1 upregulation during malignant transformation.

Conclusions

Cancer biologists have invested significant effort into elucidating
mechanisms that control the expression of proteins with oncogenic
function. However, studies of molecular pathways that direct the
expression of tumor-promoting glycogenes, such as ST6GAL1, have
lagged behind. While it is known that ST6GAL1 is dynamically
regulated, there is a paucity of research focused on the upstream
events that induce or repress ST6GAL1 expression. A comprehensive
knowledge of ST6GAL1 regulation would foster a better understand-
ing of ST6GAL1’s function in select cell types, both normal and
malignant. Cancer cells are notoriously heterogeneous, and certain
populations, such as CSCs, play an inordinate role in cancer pro-
gression, recurrence and metastasis. Defining the genetic, epigenetic,
transcriptional and posttranscriptional/posttranslational events that
promote ST6GAL1 expression is critical for predicting which cancer
types, or subclones within tumors, exhibit upregulated ST6GAL1
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expression and activity. Additionally, elucidating ST6GAL1 regu-
latory mechanisms would provide insight into potential therapeu-
tic avenues for suppressing ST6GAL1 expression in cancer cells.
The overall goal of this review is to summarize current knowledge
regarding the molecular events that modulate STEGAL1 expression
in neoplastic cells and highlight the need for further research into
the regulation of ST6GAL1, as well as other glycosyltransferases and
glycosidases that play important functional roles in cancer biology.
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