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Inhibiting cancer metabolism by aromatic
carbohydrate amphiphiles that act as antagonists of
the glucose transporter GLUT1}
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We report on aromatic N-glucosides that inhibit selectively the cancer metabolism via two coexistent
mechanisms: by initial deprivation of the glucose uptake through competitive binding in the glucose
binding pocket of GLUT1 and by formation of a sequestering nanoscale supramolecular network at the

cell surface through localized (biocatalytic) self-assembly. We demonstrate that the expression of the
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approach: cancer cells that overexpress both proteins are prompter to cell death when compared to

DOI: 10.1039/d0sc00954g GLUT1 overexpressing cells. Overall, we showcase that the synergism between physical and biochemical

rsc.li/chemical-science deprivation of cancer metabolism is a powerful approach for development of effective anticancer therapies.
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Introduction

Cancer is a major health problem for modern society, causing
9.6 million deaths worldwide in 2018 and the 5 year prevalence
was estimated to be 43.8 million.” These statistics show that the
conventional therapies are not sufficiently effective. There are
two main reasons that limit the efficacy of existing treatments -
the great complexity and consequent limited understanding of
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cancer cells, and their resistance to the currently used thera-
peutics.>* Common strategies for targeting the inhibition of
specific molecular pathways often have only temporary success
followed by a tumor relapse.* The use of a combined approach
with several drugs can give rise to higher efficiency and avoid-
ance of chemoresistance but so far, the results did not achieve
the required efficacy.” Herein, we propose an alternative
approach to cancer management that uses a single, multi-
functional but yet specific molecule that targets a common
cancer hallmark - their accelerated metabolism associated with
a higher demand for nutrients and energy - via two synergistic
pathways, namely by formation of a nanoscale supramolecular
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Fig. 1 Schematic presentation of the mechanism of action of N-flu-
orenylmethyloxycarbonyl-glucosamine-6-phosphate (FGIcP): (a) the
increased glucose (Glc) metabolism is targeted via concomitant (b)
blocking of the overexpressed glucose transporters (GLUT1) with (b1)
FGlcP or/and (b2) its dephosphorylated analogue generated in situ and
(c) formation of nanonet by self-assembly of this analogue.
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network around cancer cells and by the blockage of glucose
transportation (Fig. 1).**

The altered cancer metabolism has inspired the develop-
ment of various therapies.®™* Among them, biocatalytic self-
assembly (BSA) has emerged as a biochemical approach that
makes use of pathologically overexpressed enzymes (typically
MMPs or phosphatases) to transform specifically designed
precursors into self-assembling molecules and to trigger their
assembly in situ, ie. in close proximity of cancer cells.>**>°
Several studies suggested a mechanism that involves an initial
internalization of the precursor by the cells, followed by intracel-
lular enzymatic transformation and assembly that leads to cellular
death.*'*** Most of the described precursors are based on short
self-assembling peptides that are functionalized with enzymatic
sensitive moieties.">'"***' We recently demonstrated the use of
a glucose derivative, N-fluorenylmethyloxycarbonyl-glucosamine-
6-phosphate (FGIcP), as an alternative to peptide-based systems
in phosphatase-triggered BSA cancer management.” For this
system, we did not observe any intracellular assembly but
formation of a nanoscale supramolecular network around osteo-
sarcoma cells that overexpress membrane-bound alkaline phos-
phatase (ALP). The system proved to be effective in Kkilling
osteosarcoma cells. The amphiphile structure is based on glucose
(Gle), which led us to hypothesize that FGlcP might act not only as
a BSA precursor but also as an antagonist of the Glc transport,
inhibiting aerobic glycolysis. Herein we investigate this hypothesis
and demonstrate that a single compound, FGIcP, acts as an effi-
cient cancer antimetabolite by concomitant blocking the glucose
transporter 1 (GLUT1) via specific interactions with them and
formation of a nanonet serving not only as a physical barrier
between the cancer cells and their environment, but also as
a reservoir of GLUT inhibitor (Fig. 1).

Results
Molecular design and synthesis of aromatic N-glucosides

We designed and synthesized three derivatives (Fig. 2) of Glc
(1a) aiming to establish reliable controls and to investigate the
influence of different functional components (aromatic,
glucose, charged groups) in the interactions with GLUT1. FGlcP
(1b) is a BSA precursor that is transformed into the self-
assembling molecule N-fluorenylmethyloxycarbonyl-
glucosamine (FGlc, 1¢) upon phosphatase action (Fig. 1(b2)).”
FGlc does not contain a charged group and thus, it has
reduced solubility in aqueous media. Previously, we have shown
that 1c can self-assemble into nanofibers above a critical concen-
tration that can be achieved upon heating or enzymatic action.”**
N-fluorenylmethyloxycarbonyl glucosamine-6-sulphate (FGIcS, 1d)
is an analogue of FGIcP, in which the phosphate group is replaced
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Fig. 2 Glucose (la) and aromatic N-glucosides (1b—d) synthesized
and used in this study.
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by a negatively charged sulphate. From a mechanistic point of
view, the main difference between 1b and 1d is that the sulfate
derivative is not susceptible to phosphatase transformation and
the subsequent self-assembly (Fig. S4t), i.e. we hypothesize that it
will act solely as GLUT1 antagonist. All compounds were synthe-
sized using a previously established procedure.”**

In silico analysis shows that 1a-d bind to GLUT1

Overexpression of GLUT1 has been associated with different
tumor types.”'*** We evaluated the differential interactions of the
compounds 1a-d with GLUT1 by a computational molecular-
docking process using the web-based SwissDock program
(Tables 1 and S17}).***° The parameters were set for blind docking,
i.e. we did not define a priori any specific region for binding.
Docking studies with Glc (1a) were also carried out using these
parameters to confirm the fidelity of the generated outputs by
comparison with published data.®*”*® The results demonstrated
spontaneous complexation between GLUT1 and all compounds
1a-d: Gibbs free energy for all studied systems was negative (AG <
0) but the absolute values are larger for the amphiphiles 1b-
d when compared to 1a (Table 1), indicating a higher affinity of
these derivatives to the transporter. Van der Waals interactions
(AGyqw) have the greatest contribution to this spontaneous
process (InterFull values are the same as AG,qy) especially in the
case of aromatic N-glucosides (1a vs. 1b-d) suggesting involve-
ment of additional w-7 and CH-7 interactions due to the
introduced Fmoc functionality. Modification with polar groups
reduces additionally the AG,qy (1c vs. 1b and 1d) but also the
solvation energy (AGiigsolvpol) €videncing formation of H-bonding
between the GLUT1 and phosphate (1b) or sulfate (1d) groups. Of
note, all compounds 1a-d bind to the same pocket via interac-
tions with amino acids that are crucial for the Glc complexation
with GLUT1 (Fig. 3 and Table S17).%*”2% Altogether the in silico
data indicated that the studied compounds can deprive the Glc
transport via competitive binding to GLUT1 and their antagonist
activity follows the order: 1b > 1d > 1c.

Selection of cancer cell lines

To test the effect of the aromatic carbohydrate amphiphiles we
selected an osteosarcoma cell line (SaOs2) and a mammary
gland/breast cancer cell line (MDA-MB-468) based on an initial
search in the Cancer Cell Line Encyclopedia (CCLE) for cell
lineages with high expression of solute carrier family 2 member
1 gene (SLC2A1) encoding GLUT1.>*** We confirmed the
expression of GLUT1 in SaOs2 and MDA-MB-468 cancer cells at
transcriptional and protein levels (Fig. S51).

PCR analysis demonstrated that the selected cell lines
express the SLC2A1 gene (Fig. S5af). Immunostaining
confirmed the expression of GLUT1 for both cell lines
(Fig. S5bT) but flow cytometry analysis demonstrated 2-fold
larger population of cells expressing GLUT1 in SaOs2 compared
with MDA-MB-468 (Fig. S5ct). In addition, SaOs2 overexpress
membrane-bound alkaline phosphatase that can trigger BSA on
their surface while MDA-MB-468 present 3-fold less expression
of this enzyme (Fig. S5dt).” These differences are important for
the experimental design as they might enable us to distinguish

This journal is © The Royal Society of Chemistry 2020
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Table 1
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In silico predictions for the binding energies involved in the interactions between GLUT1 and glucose (1a) or its derivatives (1b—d). The

results were obtained from top score models generated with SwissDock®

Comp AG (keal mol ™) AG,qy (kecal mol™) AGiigsotvnonpot (keal mol ™) AGiigsotvpor (keal mol ™)
la —6.77 —36.32 6.48 —13.50
1b —10.09 —68.89 10.36 —24.31
1c —8.33 —44.94 9.39 —16.74
1d —9.04 —55.70 10.57 —23.14

“ AG: Gibbs energy; AG,qw: energy of van der Waals interactions; AGiigsolvnonpol: SOlvation energy due to non-polar interactions; AGiigsolvpol: SOlvation

energy due to polar interactions.

the two possible mechanisms by which the amphiphiles can
affect the metabolism of the cancer cells - BSA and inhibition of
GLUT1 as well as any cooperative effect between these
mechanisms.

Aromatic N-glucosides decrease Glc uptake by tumor cells

We used  2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-
deoxyglucose (NBDG) for visualization and quantification of

1a| Glc 1b| FGIcP

the cells' glucose uptake in the presence and absence of
compounds 1b-d.*"** Initially, the rate of NBDG uptake was
studied for different incubation periods and concentrations
using previously established protocols.*** A maximal fluores-
cence (indicating maximal NBDG uptake) was observed when
cells were cultured in medium supplemented with 0.02 mM
NBDG for 30 min, which were the conditions used below.

We designed a competitive assay in which the selected cell
lines were incubated with NBDG in the presence of one of the
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Fig. 3

In silico models for the interactions between the synthesized aromatic N-glucosides (1b—d, red) and GLUT1 (grey). The upper row shows

top score clusters (with the lowest FullFitness) of the full-size complex where the extracellular segment of GLUT1 is oriented upwards and the
intracellular one downwards. The bottom row represents the magnification of the glucose-binding pocket in GLUT1. Hydrogen bonds are

denotated with green lines.
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compounds 1b-d, i.e. conditions at which NBDG will compete
with the aromatic N-glucosides for GLUT1. We observed that
significantly less NBDG was taken up by both of the tested cell
lines (Fig. 4) suggesting that 1b-d act as GLUT1 antagonists, in
agreement with the in silico models. To demonstrate whether
this approach is applicable in clinically relevant scenario, we
also performed molecular imaging with the clinically estab-
lished fluorodeoxyglucose (**F-FDG) positron emission tomog-
raphy (PET). Our results showed that PET is suitable for
monitoring the effect of the aromatic N-glucosides on the Glc
distribution in vivo and we observed deprivation of the NBDG
uptake at the tumor site upon supplementation with 1b
(Fig. S61).

The effect of the aromatic N-glucosides is mediated by GLUT1

GLUT1 expression was quantified by western blot analysis
(Fig. 5a). We performed cell surface biotinylation to distinguish
GLUT1 expressed at the cell surface and responsible for the Glc
uptake from the total GLUT1 expression. The results demon-
strated that cancer cells' incubation with aromatic N-glucosides
significantly reduces the transporter expression on the cell
surface but does not affect the total GLUT1 expression (Fig. 5a).
These data agree with the formation of a strong complex
between the aromatic N-glucosides and GLUT1 with consecutive
blockage of the transporter (Fig. 5d). Further confirmation of

a Control 1b|FGlcP 1c|FGlc 1d | FGlcS

Sa0s2

MDA-MB-468

b2 MDA-MB-468

b1 Sa0s2

NBDG fluorescence (a.u.) /cell
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Fig. 4 Aromatic N-glucosides 1b—d block glucose uptake by tumor
cells: (a) representative fluorescent confocal scanning microscopy
images showing uptake of 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)-2-deoxyglucose (NBDG, green) by the SaOs2 and MDA-MB-
468 cancer cells in the presence of aromatic N-glucosides 1b—d: cells
were incubated with 0.02 mM of NBDG in the presence of 0.5 mM of
the aromatic N-glucoside and visualized after 30 min; (b) NBDG
uptake calculated from the fluorescence images; statistics were
calculated using the t-test *: p < 0.05; **: p < 0.01; ***p < 0.001.
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Fig. 5 Influence of GLUT1 expression on the effect of aromatic N-

glucosides on SaOs?2 viability. (a) Representative western blot analysis
showing changes in GLUT1 expressed on the cell surface (extracts
obtained by cell-surface biotinylation) and the total GLUT1 in SaOs2
cells without (CT) and with supplementation of 1b. (bl) Representative
western blot analysis and (b2) the respective densitometric analysis of
GLUT1 expression by SaOs2 cells without transfection (CT) and after
transfection with scrambled siRNA (siRNA-CT) or specific GLUT1 siRNA
(sIRNA-SLC2A1); (c) cell viability of the transfected SaOs2 cells after
incubation with 0.5 mM aromatic N-glucosides 1b—d for 1 h (quanti-
fication was performed after 24 h). (d) Schematic presentation of the
GLUT1 transduction role. ns, non-significant; **p < 0.05; ***p < 0.001.
Data for MDA-MB-468 are provided in Fig. S3.1

this mechanism of action was derived by SLC241 knockdown.
We used a pool of three target-specific nucleotides 19-25 (nt)
small-interfering RNA (siRNA). A maximal SLC2A41 suppression
(>50%) was observed 48 h after post-transfection for the SaOs2
cells (Fig. 5b) and 24 h for the MDA-MB-468 (Fig. S77). The
transfected cells displayed a markedly decreased sensitivity to
the compounds 1b-d confirming that their activity is mediated
by GLUT1 (Fig. 5¢).

Concomitant saturation binding experiments using NBDG at
different concentrations without and in the presence of the
respective aromatic N-glucosides were performed to determine
the dissociation constant (Kq nepg) and the number of the
binding sites (Bmay) for each cell line (Table 2 and Fig. S8t).

The results supported the proposed mechanism (Fig. 5d) and
showed that supplementation with 1b-d decreased the expres-
sion of GLUT1 on the cell surface (Byayx, Table 2) and the NBDG
binding by GLUT1 (K4 nepg, Table 2). Of note, the used method
does not allow comparison of the obtained Ky ngpg (defined as
a concentration at which NBDG binds to half of the available
GLUT1) for SaOs2 and MDA-MB-468 cells because of the
different B,.x values but the effect of 1b-d on each cell line can
be compared (similar Bi,,y).** For SaOs2 cells, we obtained the
smallest K4 nppg in the presence of 1b which means that this
N-glucosamine blocks more efficiently the GLUT1 on the cell
surface and less NBDG is needed to saturate the available
GLUT1. In the case of MDA-MB-468 cells, the smallest Kq ngpg
was obtained for the 1d.

This journal is © The Royal Society of Chemistry 2020
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Table 2 Number of GLUT1 (Bmax) and dissociation constants (Ky4 nepa)
for SaOs2 and MDA-MB-468 determined by concomitant saturation
binding experiments for NBDG in the presence of aromatic N-
glucosides 1b—d (0.5 mM). The respective curves are presented in
Fig. S8

Cells Comp Bmax (GLUT1/cell x 10%) K4 nepG (MM)
Sa0s2 NBDG 1.70 0.99

1b 0.75 0.14

1c 0.58 0.32

1d 0.76 0.38
MDA-MB-468 NBDG 3.80 0.28

1b 2.42 0.19

1c 2.73 0.16

1d 2.80 0.11

N-glucosides-mediated GLUT1 inhibition leads to cell death
via an apoptotic mechanism

We observed that cancer cells incubated with the compounds
1b-d have lower metabolic activity and cell proliferation,
leading to an overall decrease in cell survival over time (Fig. 6a,
S9 and S107). This effect was not observed for prechondrocyte
ATDC5 cells, which remained viable and proliferated in the
presence of 1b and 1d (Fig. S11+).

Confirmation that this response is due to the GLUT1 inhi-
bition and consecutive deprivation of the Glc uptake was ob-
tained by quantification of the lactate production in the studied
cells. Lactate is the last metabolite of glycolysis in cancer cells
and indeed, its production was significantly inhibited (>60%) by
treatment with 1b (Fig. 6b). We also investigated the type of cell
death induced by this treatment. We studied the effect of 1b-
d in a presence of an apoptosis (Z-Fa-FMK) or a necroptosis
(Nec-1) inhibitor.**** We observed that Z-Fa-FMK rescues the
Sa0s2 and MDA-MB-468 cells treated by 1b-d (Fig. 6¢) while the
addition of Nec-1 has no effect on cell survival (Fig. S127). These
results demonstrate that the aromatic N-glucosides activate
apoptotic pathways in the cells overexpressing GLUT1. This
result was also confirmed by the expression of the apoptosis-
associated caspases 8 and 9.*7** Caspases are initially
produced as inactive monomeric procaspases that require
dimerization and often cleavage for activation.*® We found that
the apoptosis pathways are activated by cleavage of procaspase 8
(53 kDa) to shorter motifs (43 kDa, 18 kDa) and procaspase 9 (47
kDa) to oligomers of 25 kDa (Fig. S137).

Discussion

Cancer cells have a high energy demand that is associated with
an increased glucose uptake (Warburg effect) and over-
expression of glucose transporter proteins (GLUTs). The
elevated consumption of Glc assures an immediate production
of adenosine triphosphate, but also increases the availability of
biosynthetic intermediates that support the highly proliferative
nature of cancer cells.**** As a result, cancer cells are very
sensitive to Glc deprivation, which can prevent proliferation
and induce cell death.”* Glc is delivered inside cancer cells via

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Aromatic N-glucosides deprive glycolysis and induce cell
death. (a) Viability of (al) SaOs2 and (a2) MDA-MB-468 cells after
different incubation times with 0.5 mM 1b-d; (b) intra- and extracel-
lular lactate production by (bl) SaOs2 and (b2) MDA-MB-468 cells
prior and after treatment with 1b; (c) effect of the apoptosis inhibitor Z-
Fa-FMK on cell viability (24 h) in the presence of the compounds 1b—-d
(0.5 mM); (d) inhibitory concentrations of the studied N-glucosides
determined for SaOs2 and MDA-MB-468 (24 h). All results are
normalized to the control — cell culture without aromatic N-gluco-
sides. ns statistically non-significant difference; *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.

the GLUTs, among which GLUT1 is upregulated in most of the
solid tumours.>'** GLUTs are therefore suitable targets for the
treatment of different types of cancers. Herein, we designed and
synthetized several aromatic N-glucosides 1b-d and investi-
gated their potential to deprive the glycolysis in cancer cells.
The molecular design of 1b-d combines several functional
elements: the aromatic Fmoc-functionality, which provides
amphiphilic character and possibility for self-assembly via -7
interactions and the Glc portion that can participate in
H-bonding and CH- interactions and attribute GLUT antago-
nist characteristics are common features for all studied
compounds. FGlc (1c) that contains only these two functional
moieties has poor solubility in aqueous media (dimethyl sulf-
oxide at a concentration below 0.005% was used as a co-
solvent). Thus, negatively charged polar group were incorpo-
rated within the structure of 1c¢ generating 1b and 1d aiming to
improve their water solubility. The polar phosphate group of 1b
imparts also enzyme sensitivity: FGIcP (1b) is a BSA precursor
that generates the self-assembling FGlc (1c) upon ALP action
(Fig. 1b) causing cell death by formation of a pericellular
supramolecular nanonet (Fig. 1c and S47).”"”
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In silico studies confirmed that all aromatic N-glucosides
1b-d bind to the Glc pocket. The significant decrease in AGyqgy
for these compounds when compared to Glc (1a) indicate that
the aromatic portion (Fmoc) can interact via CH-7 and m-7
interactions with the aromatic rings of e.g. Trp388 and Phe26
in the glucose-binding pocket causing conformational
changes that can disturb the GLUT1 function (the inward
opening, Fig. S141).2”?® On the other hand, the lower AG of the
compounds 1b-d indicates that even if the inward opening is
not compromised, they might not be released because of the
strong bonds formed with the GLUT1.

The effect of the aromatic N-glucosides on Glc transport was
studied in vitro using two human cancer cell lines. Because
SaOs2 cells express on their surface both ALP and GLUT1
proteins, it is challenging to distinguish the effect of BSA, trig-
gered by ALP versus the GLUT1 antagonist effect of 1b-c. We and
others previously demonstrated that BSA is a time and
concentration (both enzyme and precursor) dependent process -
short incubation times and low concentrations result in
formation of very sparse and thus likely permeable supramo-
lecular nanoscale network (Fig. S41).”** Thus, we have selected
one additional human cancer cell line, MDA-MB-468 that
expresses 3-fold less ALP on their surface (Fig. S5T). We have
also shortened the experimental time to 30 min and lowered the
concentration of the aromatic N-glucosides to 0.5 mM (versus
7 h and 1 mM when the significant effect of BSA on cell viability
was observed’) aiming to avoid BSA of 1b and to determine the
GLUT1 antagonist effect of the aromatic N-glucosides. As in
a previous study, we have used ATDC5 prechondrocytes for
comparative purposes, i.e. to demonstrate the specificity of the
aromatic N-glucosides towards cancer cells (Fig. S111).” At the
studied conditions (30 min, 0.5 mM concentration of N-gluco-
sides), we observed very similar response by the two cancer cell
lines: the compounds 1b-d inhibit Glc transport in SaOs2 and
MDA-MB-469 (Fig. 4), while ATDC5 were not affected (Fig. S117).
This response was directly related with the GLUT1 expression:
viability of SaOs2 and MDA-MB-468 with depleted GLUT1 was
not affected by the aromatic N-glucosides similarly to ATDC5
that do not express GLUT1 on the surface. It is expected that the
reduction of the Glc uptake will result in the translocation of
more GLUT1 to the cell membrane.** Surprisingly, we observed
exactly the opposite effect (Fig. 4a, By,.x in Table 2). The decrease
of GLUT1 translocation to the membrane is indicative about the
mechanism of action: GLUT1 proteins bind the aromatic N-
glucosides but do not release them intracellularly, ie. it is in
a permanent ON mode and thus does not mediate correctly the
need of Glc (Fig. 4 and S14Bt). As a result, cells do not respond to
the Glc deprivation because they cannot sense it via GLUT1.
Another indicative result about the mechanism of action is the
obtained Ky nepc (Table 2) and ICs, values (Fig. 6d and S97).
K4 nppc Were determined 30 min after supplementation of 1b-d
and showed that in the case of MDA-MB-468 the sulphated 1d is
the most efficient GLUT1 antagonist. Different result was ob-
tained for SaOs2: lowest K3 ngpg Were obtained for 1b that act
simultaneously as a GLUT1 antagonist and as a substrate for
biocatalytic self-assembly locally, i.e. at the cell surface where ALP
is located, thus creating a physical barrier. 1c¢ can self-assemble
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too but it forms bulk (throughout the solution) and not local
(on the cell surface) nanonet and thus, longer time (or higher
concentration) is needed to achieve the same blocking efficacy.

Indeed, the ICs, values determined after 24 h of cells expo-
sition to 1b-d, were lowest for the self-assembling FGlc (1c)
either for SaOs2 or for MDA-MB-468 cells. A similarly low value
was obtained for 1b but only for SaOs2 cells confirming the
above-mentioned mechanism, ie. that the precursor 1b is
already transformed by the ALP of SaOs2 into 1c and a nanonet
is generated around SaOs2 cells.” Because MDA-MB-468 cells
have lower expression of ALP this transformation does not
occur and the ICs, value of 1b is 4-fold higher for these cells. 1d
that is solely involved in the GLUT1 blocking because does not
self-assemble into nanofibers (Fig. S41)** and is not susceptible
to BSA presented the highest ICs, values for both cell lines.
These results demonstrate that the formation of a nanonet
around the cells not only sequesters them, but also add the
inhibitory effect of the aromatic N-glucosides most probably by
maintaining these compounds at high concentration in the
pericellular space, i.e. close to GLUT1. In such scenario, the self-
assembling 1c has the greatest effect but its application can be
hampered by the poor solubility in aqueous media. The
precursor 1b is an excellent alternative for tumors that over-
express phosphatases on their surface. Besides having the same
activity as 1c, it uses two molecular targets (ALP and GLUT1),
thus enhancing its selectivity.

Conclusions

Our study demonstrates that the aromatic N-glucosides 1b and
1d have a potent anticancer activity due to their ability to inhibit
Glc transportation and GLUT1 expression via two synergistic
physical and biochemical mechanisms: blockage of GLUT1 (1b
and 1d) and/or formation of a supramolecular net around the
cells (1b).
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