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Cells are covered with a thick layer of sugar molecules known as glycans. Abnormal glycosylation is

a hallmark of cancer, and hypersialylation increases tumor metastasis by promoting immune evasion and

inducing tumor cell invasion and migration. Inhibiting sialylation is thus a potential anticancer treatment

strategy. However, targeting sialic acids is difficult because of the lack of selective delivery tools. Here,

we present a prodrug strategy for selectively releasing the global inhibitor of sialylation peracetylated

3Fax-Neu5Ac (PFN) in cancer cells using the reaction between phenyl azide and endogenous acrolein,

which is overproduced in most cancer cells. The prodrug significantly suppressed tumor growth in mice

as effectively as PFN without causing kidney dysfunction, which is associated with PFN. The use of

sialylated glycans as immune checkpoints is gaining increasing attention, and the proposed method for

precisely targeting aberrant sialylation provides a novel avenue for expanding current cancer treatments.
Introduction

Glycosylation is the most abundant post-translational modi-
cation, and cell surface glycans are essential for many biological
processes, including infection, cell adhesion, and cell differ-
entiation.1 One of the most remarkable changes in cancer
glycosylation is aberrant sialylation due to the marked upre-
gulation of sialyltransferases, which catalyze the addition of
sialic acid to growing glycochains on the cell surface to form
sialoglycans.2 Sialic acids, which are derivatives of neuraminic
acid, are a class of nine-carbon, negatively charged glycans that
are typically found at the ends of glycoproteins and glycolipids
in almost all vertebrate cells. As shown in Fig. 1A, sialoglycan
overexpression promotes cancer development and metastasis
via several key pathways, including promoting escape from
natural killer (NK) cell-mediated tumor cell death through the
recruitment of sialic acid-binding immunoglobulin-like lectin
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(Siglec) receptors Siglecs-7 and -9,3–5 avoiding immune-
mediated apoptosis by inhibiting the internalization of the
Fas receptor,6 and promoting tumor invasion by inhibiting
integrin-mediated adhesion and enhancing interaction with
selectins.7 Desialylation of cancer cells potentiates NK cell-
mediated cytotoxicity8,9 and promotes the clearance of cancer
cells injected into mice,10,11 suggesting that targeting aberrant
sialylation could be developed as an effective anticancer
treatment.

Two important strategies targeting aberrant sialylation in
cancer cells are (1) interfering with sialoglycan expression by
inhibiting sialyltransferases;12 and (2) enzymatic removal of
sialic acids from the cell surface using sialidase,5,13 a sialic acid-
cleaving enzyme. More than 20 different Golgi-resident sialyl-
transferases are involved in the biosynthesis of sialoglycans in
human and murine cells; however, they all use the same donor
substrate, cytosine monophosphate-N-acetyl-neuraminic acid
(CMP-Neu5Ac).14 A cell-permeable peracetylated 3Fax-Neu5Ac
(PFN) developed by Paulson et al. effectively inhibited all sia-
lyltransferases via a mechanism involving its intracellular
conversion to an active inhibitor, CMP-3Fax-Neu5Ac, thereby
reducing overall sialylation in cultured cells (Fig. 1B).15

However, despite the efficacy of PFN in decreasing sialylated
glycans in most tissues in the murine model, it causes kidney
dysfunction because of the depletion of sialic acids from
podocytes, which impairs glomerular ltration.16 To circumvent
the deleterious effects in vivo, the group led by Adema pre-
treated mice with tumor-targeting PFN-encapsulated nano-
particles, which prevented metastasis in a mouse lung cancer
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Anticancer approach by targeted activation of a global inhibitor of sialyltransferases with acrolein in cancer. (A) Overview of the roles of
sialylation in tumor growth, metastasis, and immune suppression. Therapeutic strategies for modulating sialic acid expression using (B)
a metabolic sialyltransferase inhibitor, peracetyl-3Fax-Neu5Ac (PFN), to suppress sialic acid biosynthesis in cancer cells or (C) an antibody–
sialidase conjugate, such as trastuzumab (anti-HER2), linked with a sialidase to remove sialic acid from the cell surface. (D) (i) Phenyl azide reacts
with acrolein through a [3 + 2] reaction to generate 4-formyl-1,2,3-triazole, which is rearranged to an a-diazocarbonyl derivative. (ii) Drug release
strategy using the [3 + 2] cycloaddition between 2,6-diisopropylphenyl azide and acrolein. (E) (i) PFN inhibits the expression of sialic acid in most
tissues inmice, but it causes kidney dysfunction. (ii) Schematic of the PFN-based prodrug 1 strategy for the selective release of C2-hydroxyl PFN 2
in tumor sites in vivo through endogenous acrolein to enhance cancer immunotherapy while avoiding kidney dysfunction caused by PFN.
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model without toxic effects to the kidney.17 These authors also
showed that intratumoral injections of PFN signicantly sup-
pressed melanoma development in mice by enhancing the
effects of tumor immunotherapy; however, kidney dysfunction
was still observed at high doses.18

Regarding sialidase treatment, Bertozzi et al. developed
antibody–sialidase conjugates to provide target specicity,
thereby avoiding unwanted cytotoxicity caused by off-target
desialylation (Fig. 1C).19–21 These authors demonstrated that
trastuzumab, an antibody against human epidermal growth
factor receptor 2 (HER2), linked with a bacterial sialidase
desialylated HER2+ breast tumors in mice, thereby increasing
NK cell killing effects to inhibit tumor growth.20,21 However, this
strategy does not abolish sialic acid formation inside cancer
cells, which thus restore sialoglycans. Büll et al. showed that cell
surface sialic acid expression is restored within 1 day aer
© 2024 The Author(s). Published by the Royal Society of Chemistry
sialidase treatment, whereas it requires 2–3 days aer PFN
treatment.22 These data indicate that the global sialyltransferase
inhibitor (PFN) is a more appropriate treatment for aberrant
sialylation than sialidase. Nevertheless, a targeted system for
the delivery of PFN to cancer sites would be optimal and would
prevent kidney toxicity.

Acrolein, a highly reactive a,b-unsaturated aldehyde, is
a critical biomarker associated with various oxidative stress-
related disorders such as cancer.23 Previous work from our
laboratory identied a [3 + 2] cycloaddition reaction between
phenyl azide and acrolein that proceeds rapidly and selectively
under physiological conditions without the use of a catalyst,
yielding an a-diazocarbonyl derivative (Fig. 1D-i).24 Based on
this bio–orthogonal reaction, we designed a probe for the
intracellular detection of acrolein within cells; the generated a-
diazocarbonyl moiety reacts with the nearest organelle and
Chem. Sci., 2024, 15, 9566–9573 | 9567
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Fig. 2 Synthesis of prodrug 1 (A) and model compound 6 (B) using the
same synthetic method. (C) The reaction between compound 6 (20
mM) and acrolein (20 mM) in 2% DMSO/H2O at room temperature was
monitored at the indicated times by RP-HPLC and UV-visible detec-
tion. (i) The peak area of 6 decreased. (ii) The peak area of umbelli-
ferone increased. The umbelliferone release kinetics were measured
by monitoring the peak area of compound 6. (iii) The HPLC chro-
matogram peak area ratios of compound 6 were plotted against
reaction time. (iv) The rate constant data were plotted against the
concentration of compound 6 to determine the second-order rate
constant (k = 18.1 × 10−2 mM−1 min−1). (D) (i) The reactions between
compound 6 (20 mM) and glutathione (GSH, 2 mM, black line) or
acrolein (2 mM, red line) in 50% DMSO/PBS solution at room
temperature were monitored at the indicated times by RP-HPLC. The
reactions were observed by monitoring the peak area of compound 6.
The HPLC chromatogram peak area ratios of compound 6 were
plotted against reaction time. (ii) Compound 6 (1 mM) was incubated in
DMEM in the presence (red line) or absence (black line) of acrolein at
room temperature. The reaction was observed by monitoring the
change in fluorescence intensity of 6. The fluorescence change ratios
of compound 6 were plotted against reaction time. Error bars repre-
sent the SD of three replicate measurements. [P]t = HPLC

9568 | Chem. Sci., 2024, 15, 9566–9573
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covalently attaches the uorophore (see ESI Fig. S2A†).25,26 The
acrolein-sensing probe revealed that acrolein is generally over-
produced in cancer cells and tissues, whereas it is negligible in
normal cells,27,28 which is consistent with previous ndings.29

We thus hypothesized that acrolein could be used as a new
cancer marker. To develop a drug delivery system for targeting
acrolein, we created a prodrug system in which a cytotoxic drug
was linked to the para-position of 2,6-diisopropylphenyl azide
via a cleavable carbamate linker because 2,6-diisopropylphenyl
azide reacts more rapidly with acrolein than phenyl azide
(Fig. 1D-ii).30 The reaction of the non-toxic prodrug with acro-
lein regenerated the active form aer the self-immolation of the
carbamate linker. Based on the described prodrug design, we
here present a PFN-derivatized prodrug 1 (Fig. 1E-ii), in which
the 2,6-diisopropylphenyl azide moiety of 1 selectively reacted
with cancer cell-endogenous acrolein to release C2-hydroxy PFN
2, which was converted to CMP-3Fax-Neu5Ac to inhibit sialyl-
transferases, thereby enhancing cancer immunotherapy.
B16F10 tumor-bearing mice treated with prodrug 1 via intra-
venous administration showed a clear reduction in tumor
growth in vivo with no kidney dysfunction caused by PFN
(Fig. 1E-i), highlighting the potential of the prodrug for use in
clinical trials of cancer immunotherapy.
Results and discussions
Synthesis of prodrug 1 and application of model compound 6
for evaluating drug release kinetics and stability

In this study, we used a carbonate group (Fig. 2A) as a cleavable
linker to link C2-hydroxy PFN 2 with the benzyl alcohol moiety
of 4 to synthesize the prodrug 1. As depicted in Fig. 2A, aer the
alcohol of 2 was activated to 4-nitrophenyl carbonate, the
reaction with 4 (ref. 30) yielded prodrug 1 at 60% in two steps.
To evaluate the acrolein-mediated PFN release kinetics and
stability of the carbonate linker in prodrug 1 under physiolog-
ical conditions, we used umbelliferone, which is easily detect-
able by UV-visible absorption, to replace 2 for synthesizing
model compound 6 (Fig. 2B) using the same method described
for the preparation of 1. Moreover, the umbelliferone released
by the reaction of 6 with acrolein increased uorescence
intensity, which could thereby be used to monitor the reaction
(see ESI Fig. S3†).

Incubation of compound 6 (20 mM) with an excess amount of
acrolein (1000 equivalents) in a 2% DMSO aqueous solution at
room temperature and analysis by RP-HPLC showed that the
consumption of 6 (Fig. 2C-i) and the release of umbelliferone
(Fig. 2C-ii) increased concomitantly with increasing reaction
time, conrming the acrolein-induced drug release in this
prodrug system. To investigate the drug release kinetics using
the cleavable carbonate group, various concentrations (1, 20,
and 40 mM) of compound 6 were incubated with excess amounts
of acrolein and results were measured at the indicated reaction
chromatogram peak area of 6 at t minute [P]0 = HPLC chromatogram
peak area of 6 at 0 minutes. [Fl]t = fluorescence intensity of 6 at t
minute [Fl]0 = fluorescence intensity of 6 at 0 minutes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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times. As shown in Fig. 2C-iii and -iv, the second-order rate
constant (k) of the drug release was 18.1 × 10−2 mM−1 min−1,
which is consistent with our previous ndings using the pro-
drug system with the carbamate group.30

To examine the stability of the carbonate linker in a biolog-
ical setting, compound 6 (20 mM) was incubated with 2 mM of
glutathione (GSH) or acrolein in a 50% DMSO solution in
phosphate-buffered saline (PBS), and the release of umbelli-
ferone was monitored by RP-HPLC. The results showed that
compound 6 was not reduced or decomposed by GSH even aer
6 h of incubation (Fig. 2D-i, black line), whereas the acrolein-
Fig. 3 (A) Inhibition of sialic acid expression in A549 and B16F10 cancer c
(B and C) and B16F10 (D–I) cancer cells were treated with different conc
Cells were harvested, and various glycan epitopes on the cell surfacewere
lectin (B and D), a-2,3-linked sialic acids by MALII lectin (C and E), exposu
acetylgalactosamine (GalNAc) by GSL-I lectin (G), exposure of b-N-ace
fucose by AAL lectin (I). In B–E, the data were normalized to cells treate
expression, whereas unstained cells were considered as 0%. In F–I, the d
represent the SD of three replicate measurements.

© 2024 The Author(s). Published by the Royal Society of Chemistry
induced consumption of 6 to release umbelliferone increased
gradually (Fig. 2D-i, red line). Incubation of compound 6 in
Dulbecco's Modied Eagle's Medium (DMEM) solution in the
presence or absence of acrolein and measurement of the uo-
rescence intensity of 6 showed that acrolein rapidly reacted with
6 to release umbelliferone in DMEM solution within 1 hour
(Fig. 2D-ii, red line). In the absence of acrolein, the uorescence
signal increased slightly, which was probably due to low levels
of carbonate hydrolysis in DMEM solution. Taken together, the
results of Fig. 2C and D indicate that the carbonate linker in the
ells using PFN and prodrug 1. Schematic of the assay procedure. A549
entrations (16, 32, and 64 mM) of PFN or prodrug 1 for 3 days at 37 °C.
detected by lectins via flow cytometry: a-2,6-linked sialic acids by SNA
re of terminal b-galactose by PNA lectin (F), exposure of terminal a-N-
tylglucosamine (GlcNAc) by WGA lectin (H) and a-1,3 or a-1,6-linked
d with DMSO only, which were considered as 100% sialylated epitope
ata were normalized to cells treated with DMSO only as 0%. Error bars

Chem. Sci., 2024, 15, 9566–9573 | 9569
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prodrug did not affect drug release, and the stability of the
linker could minimize off-target effects.
Efficacy of prodrug 1 for inhibiting sialylation examined in
cell-based experiments

We next evaluated the efficacy of prodrug 1 for inhibiting sialy-
lation in cancer cells. We previously showed that A549 adeno-
carcinomic human alveolar basal epithelial cells produce
considerable amounts (100 mM–1 mM) of acrolein27 (see ESI
Fig. S2B†), and a study reported that this cell line has high
expression levels of sialic acids;31 therefore, A549 cells were used
as the model cell line. A549 cells were cultured for 3 days in the
presence of prodrug 1 or PFN as a control, and the expression of
cell surface sialic acids was measured by ow cytometry using
specic carbohydrate-binding lectins (Fig. 3A). Dose-effect
experiments revealed that treatment with 64 mM PFN signi-
cantly reduced a-2,6- and a-2,3-sialylation of A549 cells, as
detected by staining with the lectins SNA and MALII, respectively
(Fig. 3B and C, blue bars). Prodrug 1 had similar effects on the
sialylation of A549 cells, indicating that activation of 1 to release 2
was successfully triggered by endogenous acrolein (Fig. 3B and C,
red bars). In B16F10 murine melanoma cells, which show
signicant expression levels of acrolein (see ESI Fig. S2B†),
treatment with prodrug 1 at 64 mM (Fig. 3D and E, red bars) also
substantially depleted sialic acid from cells similar to the effect of
the PFN control (Fig. 3D and E, blue bars). Decreasing sialic acid
expression resulted in exposure to terminal b-galactose residues
such as the N-acetyllactosamine (LacNAc) on N-glycans and T
antigen (Galb1,3GalNAcSer/Thr), terminal a-N-acetylgalactos-
amine, and also extended poly-LacNAc repeats. Due to these
facts, the B16F10 cells treated with both PFN and prodrug 1
showed signicantly increased binding of the lectins PNA
Fig. 4 Sialylation of cancer cells decreases susceptibility to NK cell-
mediated cytotoxicity. (A) Reduction of A549 cell surface sialic acids
using PFN and prodrug 1 increases NK cell-mediated cytotoxicity.
Schematic diagram of the cytotoxicity assay procedure. A549 cancer
cells were treated with 64 mM of either PFN or prodrug 1 or DMSO
alone as a control for 3 days at 37 °C, harvested, and co-cultured with
NK-92 cells (10 : 1, effector/target) for 4 hours at 37 °C. (B) Repre-
sentative flow cytometry histograms of A549 live/dead cells. (C) The
percentage of A549 cell death was quantified. For flow cytometry,
a fixable viability dye (eFluor™ 660) was used to stain dead cells and
detected at lEX = 633 nm/lEM = 660 nm (allophycocyanin (APC)
channel). Error bars represent the SD of three replicate measurements.

9570 | Chem. Sci., 2024, 15, 9566–9573
(Fig. 3F), GSL-I (Fig. 3G), and WGA (Fig. 3H). Slight increase in
fucosylation was caused by the fact that fucosyltransferases
conjugate fucose to N-acetylglucosamine on the extended poly-
LacNAc repeats (Fig. 3I). The above ndings were in line with
a previous report16 by Paulson et al. These outcomes in Fig. 3
clearly demonstrated that prodrug 1 can produce the same glycan
proles as the PFN control when treating cancer cells, indicating
that the prodrug design does not inuence the bioactivity of the
released PFN. As a negative control, prodrug 1 did not alter the
sialic acid expression of TIG3 cells (see ESI Fig. S8†) because the
cells do not express acrolein.27,28 The viability of both A549 and
B16F10 cells was not affected by PFN or prodrug 1 at 64 mM (see
ESI Fig. S4†). The results shown in Fig. 3 demonstrate the feasi-
bility of utilizing endogenous acrolein to activate prodrug 1 for
the inhibition of sialylation in cancer cells.

NK cells are cytotoxic lymphocytes that possess an innate
ability to identify and eradicate malignant cells.32 As mentioned
in the introduction, desialylation can increase the susceptibility
of cancer cells to NK cell-mediated cytolysis. As shown in
Fig. 4A, A549 cells were pretreated for 3 days with PFN or pro-
drug 1 or DMSO alone as a control, and susceptibility to human
NK-92 cell killing was assessed aer 4 hours of co-incubation.
Compared with the control (Fig. 4B-i), ow cytometry experi-
ments showed a clear increase in NK-92 cell-mediated lysis of
desialylated A549 cells, which were pretreated with 64 mM PFN
(Fig. 4B-ii). In particular, prodrug 1 had a higher NK cell-
mediated cytotoxic effect against A549 cells than PFN treat-
ment (Fig. 4B-iii). This was conrmed by quantication of the
cell death percentage in A549 cells (Fig. 4C). The results shown
in Fig. 4 indicate that prodrug 1 increases the susceptibility to
NK cell-mediated immunosurveillance by suppressing the sia-
lylation of cancer cells as effectively as PFN.
In vivo prodrug 1 activation by acrolein to inhibit tumor
growth

As reported by Paulson et al., mice treated with 300 mg kg−1 of
PFN develop kidney dysfunction as an adverse effect.16 Accord-
ing to the cell-based results, in the last stage of this study, we
investigated the efficacy of prodrug 1 in the treatment of
subcutaneous B16F10-xenograed mice and examined whether
1 could be used to avoid the kidney dysfunction caused by PFN.
Because of the limited solubility of 1 in saline solution, mice
were divided into three groups as follows: vehicle, PFN (60 mg
kg−1), and prodrug 1 (60 mg kg−1) via intravenous administra-
tion every day for 5 consecutive days for a treatment total of
300 mg kg−1. The control group received a saline solution
(vehicle) to replace the compounds in the treatment protocol.
Tumor size wasmonitored for 16 days. The rate of tumor growth
signicantly decreased in the PFN (Fig. 5B, blue line) and pro-
drug 1 (Fig. 5B, red line) groups compared with the vehicle
group (Fig. 5B, orange line). Mice were sacriced on day 16 and
tumors were extracted (Fig. 5C). The ndings shown in Fig. 5B
and C demonstrate that PFN and prodrug 1 signicantly sup-
pressed tumor growth compared with the control condition
(vehicle) by inhibiting sialyation in tumors to enhance the
immunotherapy effect.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 In vivo prodrug 1 activation by acrolein against B16F10 tumor growth in mice. (A) Schematic representation of the in vivo experiment.
B16F10 cell xenograft-bearing C57B/6J mice were treated with vehicle, PFN, or prodrug 1. Tumors were initially implanted in mice and
developed over 5 days before therapy. When tumor sizes reached 15–20 mm3, the B16F10 tumor-bearing mice were randomly divided into 3
groups: vehicle group (n = 6); PFN treatment (n = 6); prodrug 1 treatment (n = 6). A dose of 60 mg kg−1 was administered in the form of daily
injections for 5 days through intravenous injection. The tumor volume and body weight of the mice were recorded until day 16 post-injection.
Tumor volume was quantified using an equation of V = W2 × L × 0.4, where W and L represented the minor and major length of the tumor,
respectively. On day 16 post-injection, mice were sacrificed, urine and blood were collected, and their tumors were excised, imaged, and
weighed. (B) Measurement of tumor size (mm3) in mice over time. (C) Visual comparison of extracted tumors shows the extent of growth
inhibition at 11 days after the start of therapy (n = 6). (D) Body weight changes in the different groups of mice. Determination of albumin levels in
serum (E) or urine (F) pooled frommice at 11 days after the start of therapy. (G) Determination of blood urea nitrogen (BUN) in blood pooled from
mice at 11 days after the start of therapy. (H) Hematoxylin and eosin staining on kidney tissue in various groups of mice at 11 days after the start of
therapy. (I) Fluorescence staining byMALII lectin on kidney tissue in various groups of mice at 11 days after the start of therapy. Black arrows under
the horizontal axis indicate the day of treatment with the compounds. Data in (B and D-G) are presented as the mean ± SE, n = 6 biological
replicates. P values were determined using a two-tailed Student's t-test. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the vehicle group.

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 9566–9573 | 9571
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PFN causes kidney dysfunction in mice, which manifests as
edema, weight gain, excretion of albumin in the urine, and
albumin loss from the blood.16,18 In this study, mice receiving PFN
showed higher body weight (Fig. 5D, blue line) than those in the
vehicle group (Fig. 5D, orange line) at approximately 8 days aer
the start of treatment, indicating the occurrence of edema. Anal-
ysis of the blood and urine in the three groups showed a decrease
in blood albumin (Fig. 5E) concomitant with an increase in urine
albumin (Fig. 5F) in the PFN group compared with the vehicle
group, with a substantial increase in urea nitrogen in the blood
(BUN) (Fig. 5G), indicating that PFN caused kidney dysfunction in
mice. By contrast, in the prodrug 1 group, these measurements
were comparable to those in the vehicle group. In addition,
histochemical studies (Fig. 5H and I) were performed on day 16
paraffin-embedded kidney tissue sections from mice treated with
vehicle, PFN, and prodrug 1. Although the hematoxylin and eosin
staining on the kidney tissues of treated mice in the three groups
did not show histological changes (Fig. 5H), the uorescent lectin
staining of these kidney tissues revealed that the PFN group
(Fig. 5I-ii) obviously decreased MALII staining relative to the
vehicle and prodrug 1 groups (Fig. 5I-i and iii). The data in Fig. 5I
demonstrated that prodrug 1 did not alter histochemical charac-
teristics or sialic acid expression in the kidney tissues of mice.
These in vivo results of Fig. 5 indicate that activation of prodrug 1
by endogenous acrolein in tumors to release 2-hydroxyl of PFN 2
for inhibiting sialic acid formation may enhance tumor immu-
notherapy to inhibit tumor growth without causing kidney
dysfunction, highlighting the potential of this strategy for future
applications in cancer therapy. To apply the prodrug strategy to
clinical trial testing in the future, we will proceed with a preclinical
study using a patient-derived xenogra (PDX) mouse model to
further investigate the effect of prodrug 1 on tumor therapy and
evaluate its toxicity.

Conclusions

This study represents a signicant advance in research into tar-
geting aberrant sialylation in cancer to enhance cancer immuno-
therapy. Cell-based experiments showed that endogenous acrolein
can be used to activate prodrug 1 to release 2, thereby inhibiting
sialylation in cancer cells to increase susceptibility to NK cell-
mediated cytolysis. Prodrug 1 signicantly suppressed B16F10
tumor growth in mice as effectively as PFN without causing kidney
dysfunction. Because the use of sialylated glycans as immune
checkpoints is gaining increased attention,33 this system for
precisely targeting aberrant sialylation offers another avenue for
expanding current cancer immunotherapy.
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