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Sialic acid occupies a privileged position at the terminus of the glycan chain of many cell-surface glycoconjugates. Owing
to both their structure and location, charged sialic acid residues mediate numerous critical interactions in cell–cell
communication including cell recognition, invasion, migration, receptor binding, and immunological responses.
Sialyltransferases (STs) are the enzymes involved in the biosynthesis of sialylated glycans and are highly upregulated,

up to 40–60%, in a range of cancers, with tumour hypersialylation strongly correlated with both tumour progression and
treatment resistance. Accordingly, inhibiting sialylation is currently being explored by several research groups worldwide
as a potential new cancer treatment strategy. However, to progress small molecule ST inhibitors into the clinic, issues

around selectivity, synthetic accessibility, and cell permeability need to be addressed. Using computationally guided
design principles, we produced a leading series of ST inhibitors by replacing the cytidine nucleoside with uridine and
substituting the charged phosphodiester linker with a carbamate or triazole moiety. Biological evaluation of the newly

developed inhibitors was performed using commercially available human ST enzymes, with theKi inhibition values of the
lead compounds ranging from 1 to 20 mM. Compared with earlier generations of sialylation inhibitors, our inhibitors are
non-toxic in a range of cell studies, with improved synthetic accessibility.
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Introduction

Aberrant glycosylation of the tumour cell surface is a hallmark

of cancer contributing to tumour aggressiveness, metastasis, and
drug resistance.[1–3] In particular, sialic acid located at the ter-
mini of most N- and O-glycans plays a key role in cell–cell

communication, including interactions with immune cells and
antibodies.[4–7] Hypersialylation in cancer is strongly linked to
evasion of immunosurveillance, altered adhesion, and tumour

growth and spread.[8] In humans, the biosynthesis of sialylated
glycoconjugates is mediated by 20 different sialyltransferase
(ST) enzymes, all of which utilise cytidine monophosphate

N-acetylneuraminic acid (CMP-Neu5Ac) as the sialyl donor,
defined as ST3, ST6 or ST8 subtypes based on the type of
glycosidic linkage created andwhether the acceptor is galactose,
N-acetylgalactosamine or sialic acid (Fig. 1).[9,10]

Tumour hypersialylation of 40–60% occurs via upregulation
of STs driven by oncogenes such as c-Myc that have been linked
to increased ST transcription or by the alternative downregula-

tion of neuraminidases.[11–16] Sialyl-mediated cancer progres-
sion occurs through multiple mechanisms including evading

apoptosis and cell death via hypersialylation of the receptors
such as Fas[17] and tumour necrosis factor leading to greater

tumour cell survival (Fig. 2).[18] Increased cell surface sialyla-
tion leads to altered adhesion and invasion via integrin-mediated
processes[19] in several cancers including colon, pancreatic, and

lung cancer.[20,21] Higher expression of sialylated selectin
ligands on tumours is also correlated with enhanced cancer
metastasis. Relatedly, sialylated ligands for E-, P-, and

L-selectins including sialyl Lewisa, sialyl Lewisx, and CD44,
synthesised by the action of ST3Gal enzymes, were found to be
present on the surface of circulating tumour cells.[22]

Many of the clinically used cancer biomarkers target tumour
hypersialylation including CA19–9, the pancreatic cancer
marker, and CA125 and CA15–3, sialylated mucin detection
markers for ovarian and breast cancer, respectively.[23] Owing to

the key role of sialylation in metastasis and tumour growth,
inhibiting sialylation is a potential new cancer treatment strat-
egy.[15,16] Herein is an account summarising our recent progress

on the design, synthesis, and enzyme inhibition screening of
synthetically accessible sialylation inhibitors.
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Sialyltransferase Inhibitors

Natural products provide a wealth of bioactive compounds
including those that inhibit protein sialylation, such as soyasa-

ponin I and ginsenosides.[24,25] Another example is lithocholic
acid and analogues, shown to reduce sialylation of a5, av, and
b1 integrins in A549 lung cancer cells, as well as markedly
reducing the invasion and suppression of lung metastases from

an in vivo model.[26]

In 2012, Paulson’s group reported the prodrug peracetylated
3Fax-Neu5Ac, which is metabolically converted into the active

inhibitor CMP-3Fax-Neu5Ac utilising the cell’s biosynthesis
pathways.[27,28] While greatly advancing the field of ST inhibi-
tors, this strategy resulted in pan-ST inhibition and consequently

in vivo testing of the compound in a murine model resulted in
kidney and liver damage, underlining the need for selective ST
inhibition targeting specific subtypes upregulated in cancer over

pan-inhibition strategies.[29]

The most successful ST inhibitors to date are those based on
mimicking the transition state of the sialylation process based on

the proposed activated form of CMP-Neu5Ac (Fig. 1), as

pioneered by Schmidt et al.[30,31] A 2,3-didehydro-2-deoxyneur-
aminic acid-based analogue (1) was one of the early inhibitors
showing excellent activity (with an inhibition constant Ki¼
29 nM, rat liver a-2,6-ST),[32] along with an aryl-based phos-
phodiester analogue 2 (Ki¼ 70 nM, rat liver a-2,6-ST and Ki¼
19 nM against human ST6Gal I; Fig. 3).[33,34] The latter com-
pound (2) is still one of the most potent agents reported and

widely used as a parent compound in further ST inhibitor
development. Several CMP-based ST inhibitors have been
exploredwith a range of activities and selectivities,[35] including

the cyclopentyl derivative 3 (Ki¼ 28 nM against human ST6Gal
I)[34] and benzamide derivative 4 (Ki¼ 16 nM against human
ST6Gal I; Fig. 3).[36]

While the phosphodiester-based ST inhibitors show potent
nanomolar activity, there are potential bioavailability issues
with these charged compounds in terms of cell penetration and

potential hydrolysis in vivo by phosphatase enzymes.[37] In
order to improve on the structures, we replaced the
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Fig. 1. Mechanism of ST3/ST6Gal enzyme-catalysed sialylation process and the resulting sialylated products.
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phosphodiestermoietywith a neutral linker, which has the effect
of both reducing the charge on the inhibitors and simplifying

their overall synthesis.[37–41] The first generation of inhibitors
we explored included a neutral carbamate as the linker, prepared
using alkoxy carbonylating agents as reported in Montgomery
et al. (Fig. 4).[42]

The carbamate functionality is widely used as a peptide
bond isostere with good chemical and proteolytic stability
and cell permeability.[42] Importantly for us, it invokes compa-

rable hydrogen-bonding interactions with the phosphodiester,
including a similar distance between the nucleoside component
and the sialyl mimic (Fig. 4). We used molecular docking and

molecular dynamics to show that carbamate-based analogues
participate in similar interactions within the hST6Gal I active
site (Protein Database PDB 4JS2) to the analogous
phosphodiester-linked compounds. Free energy perturbation

(FEP) studies also showed how the derivatives can emulate
the phosphodiester linker with similar binding affinities via an
enthalpy–entropy compensation.

While the cytidine moiety is often considered essential for
ST inhibitory activity, we explored replacing this with uridine as
it would improve synthetic access and yield ST inhibitors in

fewer steps overall (Fig. 5). Gratifyingly, FEP calculations
comparing analogous cytidine and uridine-based carbamate
inhibitors with hST6Gal I (PDB ID: 4JS2)[43] gave a DDGb

value of�1.2� 0.3 kcal mol�1 (1 kcal mol�1¼ 4.186 kJmol�1)
for the transformation of cytidine to uridine, suggesting this

replacement would not impact binding to hST6Gal I to any
significant extent, and could even be preferable.

Following from this computational study, a library of
carbamate-linked uridyl compounds were prepared for biologi-
cal evaluation, along with a related set of cytidine-based
compounds. The desired compounds were synthesised in seven

steps overall from two key building blocks, those being a library
of a-hydroxyphosphonates such as 7 as the sialyl mimic and
the alloc-protected form of 50-amino-50-deoxynucleoside (8)

(Scheme 1). The a-hydroxyphosphonates were produced from
the corresponding aldehydes that were reacted with dibenzyl
phosphite in the presence of triethylamine to give a range of

desired a-hydroxyphosphonates in high yields as racemic mix-
tures, using benzyl protecting groups on the phosphonate for
ease of removal later under catalytic hydrogenation conditions

(Scheme 1).[44,45]

Selective azidonation of the primary alcohol of uridine via a
Mitsunobu reaction, followed by diol protection and reduction
of the 50-azide moiety gave the alloc-protected 50-aminouridine 8

in an overall yield of 61% from uridine (Scheme 1), as described
by Montgomery et al.[44] The a-hydroxyphosphonates 7

were coupled with the protected uridyl 8 with 4-nitrophenyl

chloroformate to give the target compounds 9 in good yields.
This was followed by alloc removal to give the partially
deprotected compound 10, followed by debenzylation and

separation of the diastereomers by preparative reverse-phase
HPLC. In the final step, the compounds underwent ion-
exchange over IR120 resin to give the final compound 11 as a

sodium salt (Scheme 1). Overall, the synthesis is seven steps
from available starting materials and readily scalable for further
biological evaluation and enzyme crystallography studies.

The analogous cytidine derivative was prepared from

a-hydroxyphosphonate 12 and benzyloxycarbonyl (Cbz)-pro-
tected 50-amino-50-deoxycytidine 13. Benzyloxycarbonyl
groups were used to facilitate global deprotection, to give the

coupled product 14 and cytidine-based inhibitor 15 after depro-
tection, purification, and ion exchange (Scheme 2).[44]

ST inhibition is determined using screening tools that

range from traditional HPLC-based assays relying on quanti-
fication of transferred sialic acid onto a UV-labelled acceptor
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to more rapid microplate assays.[46] The different assays
employed across the field use varying incubation times, enzyme
purity, and detection methods (e.g. HPLC, mass spectrometry,

fluorescence). They are also performed on both bacterial and
non-human mammalian ST enzymes, with markedly different

sequence homology preventing a comparison of inhibition
values across studies.

We determined ST inhibitory activities using the highly

sensitive CMP-GloTM assay from Promega as detailed by Das
et al.[47] CMP-Neu5Ac was used as the sialyl donor and
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unlabelled N-acetyllactosamine (LacNAc) as the acceptor gly-
can. We generated a series of 26 different carbamate-linked

compounds in total, as described in Schemes 1 and 2, and tested
these against recombinant hST6Gal I. All 26were found to show
some level of inhibitory activity, with the five lead compounds

exhibiting Ki values in the range of 1–20 mM including
4-fluorophenyl (16), 3-fluorophenyl (17), 3-propoxyphenyl (18),
3-cyclopentoxyphenyl (19), and 2-benzothiophene (20) deriva-
tives (Fig. 6).

From the biological screening, the uridine-based compounds
were more active than the analogous cytidine derivative (15),

validating the earlier FEP calculations.While the overwhelming
majority of ST inhibitors reported to date are cytidine-based
derivatives, these results open up the opportunity to explore

further alternatives to cytidine. The activity of the inhibitors in
the lowmicromolar range is also comparablewith other reported
ST inhibitors. While less active than the parent phosphodiester
compound (2), this series of carbamate-based compounds
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(11, 16–20) benefit from greater synthetic accessibility and
reduced overall charge. To further explore phosphodiester
replacements, we next prepared several ether-linked 1,2,3-

triazole compounds, which gave us the opportunity to explore
the result of increasing the linker length on ST inhibition, as
described by Dobie et al.[45]

To this end, target molecules such as 24 were prepared by
coupling a library of a-azidophosphonates with 50-O-propargy-
luridine, the latter prepared in high yield by propargylation of
acetonide-protected uridine followed by deprotection with cat-

alytic indium triflate. The a-azidophosphonates (21) were
synthesised by performing a Mitsunobu reaction on our earlier
library of a-hydroxyphosphonates (7, 12). The two key azide 21
and alkyne 22 building blocks were reacted via a copper-
catalysed azide–alkyne cycloaddition (CuAAC) using CuI gen-
erated in situ from Cu(OAc)2 and sodium ascorbate in 1:1 THF/

H2O. Next, the partially protected triazole compounds (23) were
debenzylated via catalytic hydrogenation over a Pd/C catalyst.
The fully deprotected compounds (24) were purified by reverse-

phase HPLC purification and transformed into sodium salts
(Scheme 3).[45]

Fourteen diastereomeric pairs of the triazole-linked ST
inhibitors of compound type 24 were evaluated against ST3/

ST6Gal I, along with previously described reference com-
pounds. From this series, the 3-phenoxy (25), 3-phenoxy-4-
fluoro (26), and 3-(1,1,2,2-tetrafluoro)ethoxy (27) compounds

were the most promising, showing activity at low micromolar
concentrations (Fig. 7). All compounds were either mildly or
entirely inactive against human ST3Gal I even when tested at

100mM.The compounds from the current study showed reduced
activity against hST3Gal I, which correlated with the reduced
binding affinity observed against a human ST3Gal I homology
model we developed based on the published structure for

porcine ST3Gal, with no crystal structure available for human
ST3Gal I at the time of writing (Fig. 8). Interestingly, the most
active compounds against hST6Gal I also showed the highest

activity against hST3Gal I, albeit a low range (e.g. 28–49%
inhibition at 100 uM), implying selectivity towards hST6Gal I.

The differences in the NMR chemical shifts of the diaster-

eomers were not large enough to reliably use computational
methods to assign each stereoisomer. As such, the diastereomers
are described here as (s) and (l), representing short and long

HPLC retention times.[48,49] As previously reported, there is
surprisingly little difference in activity between the diastereo-
mers of the most active inhibitors against hST6Gal I, such as
27-(s) and 27-(l). This could be due to the size of the binding

pocket of ST6Gal I, which needs to be large enough to accom-
modate both CMP-Neu5Ac and an acceptor molecule (see
Fig. 8). Overall, the most potent inhibitor we found is the

tetrafluoroethoxy derivative 27-(l) (Ki¼ 3.4� 0.6 mM;
hST6Gal I), where the polyfluorine moiety may participate in
similar binding interactions to the polyol chain on the natural

sialic acid donor.[50] Other reported inhibitors with activity
against ST enzymes in a similar range of 1–10mM have shown
in vivo efficacy in a murine cancer model, inhibiting tumour

growth, angiogenesis, and metastasis of MDA-MB-231 breast
cancer cells.[51]

There are a host of promising opportunities for targeting
sialic-based interactions in cancer, including an exciting

approach by Bertozzi et al. to reduce cancer cell sialylation
using a sialidase from Vibrio cholera conjugated to Trastuzu-
mab, a HER2-targeting antibody.[52] But there are also chal-

lenges including non-specific protein sialylation, remodelling of
cell-surface glycans by extracellular STs,[53] and understanding
the effects of diet, stress, and aging on protein sialylation.[54–57]

While ST3Gal I, ST6Gal I, ST8Sia II, and ST8Sia IV are widely
studied in cancer, some ST subtypes are still relatively unex-
plored. For ST inhibitors to advance to the clinic, it is imperative
that they are selective for specific ST subtypes to limit any off-

target effects. Until recently, crystal structure data were only
available for three human STs (ST6Gal I,[58] ST8Sia III,[59] and
ST6GalNAc I,[60]) along with porcine ST3Gal I.[61] However,
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the availability of predicted 3D structures through the artificial
intelligence-based AlphaFold Protein Structure database has

unlocked the chest, enabling wider evaluation of inhibitor
selectivity across all STs subtypes.[62]

Selectivity is the key to moving ST inhibitors into pre-
clinical models. The metabolic pan-ST inhibitor peracetylated

3Fax-Neu5Ac is commercially available and widely used in cell
studies on sialylation; however, its clinical use is limited by

toxicity issues. To address this, Bull et al. selectively delivered
peracetylated 3Fax-Neu5Ac encapsulated into tumour-targeting
nanoparticles, successfully reducing metastatic spread in a lung
cancer model in mice.[63] To complement these strategies, the
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development of non-toxic, subtype-specific ST inhibitors is

much needed.

Conclusions

Herein, we have described the design, computationalmodelling,
synthesis, and biological evaluation of our leading series of ST
inhibitors. All our compounds are non-toxic (up to 200 uM)

based on cell viability assays against various cancer cell lines.
This is a positive outcome from the drug development per-
spective as inhibiting sialylation is expected to impact cell

adhesion and migration properties rather than cell viability.
Alongside selectivity, other important elements to address in
order to further progress sialylation inhibitors as potential anti-

cancer agents are membrane permeability and bioavailability.
Currently, we are aiming to improve the cell permeability of our
inhibitors further using neutral analogues along with masking
the charge through a prodrug approach. In collaboration, we are

screening our compounds against a broader panel of ST subtypes
in clinically relevant models of cancer metastasis and chemo-
and radiotherapy resistance.
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[2] H. Läubli, L. Borsig, Front. Immunol. 2019, 10, 2120. doi:10.3389/
FIMMU.2019.02120

[3] K. F. Boligan, C.Mesa, L. E. Fernandez, S. vonGunten,Cell.Mol. Life

Sci. 2015, 72, 1231. doi:10.1007/S00018-014-1799-5
[4] H. Steele, A. J. Tague, D. Skropeta,Curr. Med. Chem. 2021, 28, 5251.
[5] M.Cohen,A.Varki,OMICS 2010,14, 455. doi:10.1089/OMI.2009.0148
[6] A. Varki, Trends Mol. Med. 2008, 14, 351. doi:10.1016/J.MOLMED.

2008.06.002
[7] D. Skropeta,Bioorg.Med. Chem. 2009, 17, 2645. doi:10.1016/J.BMC.

2009.02.037
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