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Spheroids recapitulate the organization, heterogeneity and
microenvironment of solid tumors. Herein, we targeted
spatiotemporally the accelerated metabolism of proliferative cells
located on the spheroid surface that ensure structure maintenance
and/or growth. We demonstrate that phosphorylated
carbohydrate amphiphile acts as a potent antimetabolite due to
glycolysis inhibition and to in situ formation of supramolecular net
around spheroid surface where alkaline phosphatase is
overexpressed. The efficiency of the treatment is higher in
spheroids as compared to the conventional 2D cultures because of
the 2-fold higher expression of glucose transporter 1 (GLUT1).
Moreover, treated spheroids do not undergo following relapse.

Biocatalytic self-assembly (BSA) combines the selectivity of an
enzymatic conversion with the sensitivity and the precision of
the supramolecular self-assembly.l 2 The approach has been
applied to different pathologies, including cancers, where an
overexpressed enzyme triggers in situ fiber formation by
localized self-assembly leading to cell death or localized drug
delivery through triggered disassembly of designed
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precursors.’® BSA efficiency and modus operandi are usually
demonstrated in vitro using two-dimensional (2D) cell
cultures.* 7 While these cultures serve as suitable proof-of-
concept model systems because of the high reproducibility and
ease of handling, they do not recapitulate the complex tumor
microenvironment: tumors are heterogeneous and complex
organ-like structures, whose identity is dependent on the cell-
to-cell contacts and alterations of the extracellular matrix.1% 11
These characteristics are particularly relevant in BSA, where
proteins present at the cell membrane are used as a trigger of
the self-assembly process.

Herein, we developed a 3D tumor model using HS578T
human breast cancer cells and studied BSA of the
phosphorylated carbohydrate amphiphile, N-
fluorenylmethyloxycarbonyl-glucosamine-6-phosphate (1). This
amphiphile can be transformed by alkaline phosphatase (ALP)
overexpressed in some tumors, e.g. osteosarcoma, into the low
molecular mass gelator N-fluorenylmethyloxycarbonyl-
glucosamine (2) that self-assembles into a nanoscale network
(Scheme 1c) which sequesters and efficiently kills cancer cells.*
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Scheme 1. (a) Schematic presentation of the enzymatic transformation of the
phosphorylated precursor 1 to carbohydrate amphiphile 2. (b-d) In tumors this
transformation can trigger (c) self-assembly on the tumor surface and (d) blocking of the
GLUT1 expressed by the proliferative cells on the tumor surface.
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Beyond the physical effect of creating a nanoscale network that
acts as a barrier at the cell surface, there is also a specific
chemical role for these glucose-based aromatic amphiphiles.
The phosphorylated precursor 1 and its dephosphorylated
analogue 2 contain a glucose moiety that interacts with glucose
transporter 1 (GLUT1) (Scheme 1d), overexpressed in different
cancers, thus, allowing double targeting, as we recently
demonstrated.!?

We have selected three cell lines for spheroid formation,
namely SaOs2 osteosarcoma, HS578T breast and MCF7 breast
cancer cells because they all overexpress ALP, GLUT1 and
caveolin 1 (CAV1) (Figure S1).13 Our interests in GLUT1- and ALP-
overexpressing cell lines is related to the affinity of compound
1 for those proteins: 1 can bind to GLUT1 because of the glucose
moiety (Scheme 1d) and can be transformed in the self-
assembling 2 upon ALP action (Scheme 1c).* *? In addition to
GLUT1 and ALP, we also explored the contribution of CAV1 in
carbohydrate amphiphile mediated BSA processes. CAV1 is the
main structural protein of caveolae, the small pockets in the cell
membrane that are known to modulate the glycolysis and to
interact dynamically with ALP.14 15

Formation of spheroids was studied by seeding the selected
cell lines on agarose-coated well plates at different density
(2,500-20,000 cells per well) and culture time (24 — 72 h).11
Among the tested cells, only HS578T cells formed spheroids in a
highly reproducible manner (Figures S2 and S3): 24 h after
seeding, HS578T cells gathered into unstable aggregates, which
were easily disrupted by mechanical force (e.g. pipetting). After
48 h, we observed formation of compact and stable spheroids
composed by a shell of viable cells (Figure 1a) surrounding a
necrotic core (Figure 1b), which is typical for solid tumors.1°
Further compacting and a significant reduction in the spheroid
volume were observed in the following 24 h (Figure S3). We
selected a cell density of 5,000 cells/well and 48 h of culture
time for the spheroids’ formation.

The structure of the spheroids (proliferative and quiescent
cellular compartments) evidenced gradual deprivation of
nutrients and oxygen from the surface to the bulk of the 3D
structure. Such gradient is distinctive for solid tumors and is
associated with specific genetic and metabolic changes. As an
example, cells in the core are adapting to an anaerobic
metabolism and produce large amount of lactate used as a
source of energy.'® This scenario is significantly different from
2D cultures where no competition for nutrients and oxygen
exist and the population is homogeneous.

The comparison between HS578T monolayers and
spheroids showed that both cultures expressed ALP, GLUT1 and
CAV1 proteins (Figures 1c and S1): ALP expression in spheroids
was similar to that found in monolayers but both GLUT1 and
CAV1 expression were found to be substantially different from
that obtained for the 2D cell culture. In accordance with
previous studies, we detected 3-fold lower CAV1 expression in
spheroids when compared with monolayers.l” On the other
hand, a 2-fold increase in GLUT1 expression was observed when
cells were cultured in spheroids. GLUT1 expression in spheroids
and solid tumors is commonly higher than in the respective 2D
cultures.1? 1820 Thjs overexpression is associated with the
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survival mechanism(s) activated by the cells in the hostile tumor
environment and correlates with aggressive, metastatic
behavior.'® 1° GLUT1 is therefore both prognostic marker and
therapeutic target.?*-23

C 31HE Spheroids d 020,
< = Monolaye.rs oo
E . 015 |[
'_
Z
= c
=5 0.10+
T < T
£
S 0.01
w
c | |
[
o |
0.00
Q Q
N Q N ¥ »
Y A & ¥ \s
S N4 *

Figure 1. Characterization of the HS587T spheroids: Representative confocal microscopy
images of (a) spheroid surface (whole spheroid projection) and (b) core (single focal
plane/z-stack) stained for live (green, calcein AM) and dead (red, propidium iodide) cells;
(c) Densitometry quantification of Western-Blot analysis of ALP, CAV1, and GLUT1
expression by the 3D spheroids and 2D cell culture, normalized to the total B-actin
protein content; (d) expression of membrane-bound (MB) and extracellular (Ext.) ALP in
spheroids.

Among the heterogenous cell populations within the
tumors, the proliferative cells on the surface are unique
because they sustain the structure growth and provide an
interface between the tumor and its environment. Thus,
spatiotemporal targeting of these surface cells at their
proliferative phase provides a very efficient mean of isolating
and destroying the tumors. The high energy demands of cancer
cells especially during their proliferation instruct accelerated
metabolism associated with high glucose consumption/
dependence and overexpression of GLUT1 (Warburg effect).'®
24,25 Therefore, we expected that the GLUT1 antagonist 1 will
decelerate their metabolism crucial for tumor maintenance.?
21,22 On the other hand, these surface cells are not adapted to
an anaerobic metabolism and the formation of ALP catalyzed
BSA nanostructured network around the tumor will affect them
further by deprivation of nutrients and oxygen.? 4 26

The addition of 1 to the spheroids resulted in their partial
disintegration in a concentration and time-dependent manner
(Figures 2 and S4): the effect of 1 on the spheroid morphology
was visible after 48 h when 0.5 mM concentration was used and
this time was shortened to 24 h upon a concentration increase
to 1 mM. A closer look at the spheroids revealed the formation
of a nanofibrous coating on the surface of the samples treated
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for 48 h, suggesting the occurrence of in situ BSA (Figures 2f and
S8). These nanostructures were absent in the control sample.
Previously, we have observed a similar effect in 2D cultures of
ALP overexpressing osteosarcomas SaOs2 that showed reduced
metabolic activity at shorter culture time (1-7 h), which caused
cell death at longer exposure (=24 h) to 1.4

Figure 2. Effect of 1 on spheroid integrity and morphology: Representative (a, b) confocal
microscopy and (c-f) high-resolution scanning electron microscopy images of untreated
spheroids (control) and spheroids treated with 1 (1 mM, 48 h). White arrows indicate
different fibers bundles.

The morphological differences observed for the spheroids
were accompanied by an increased release of lactate
dehydrogenase (LDH) in the extracellular milieu of the treated
samples (Figure 3a). This increase indicates compromised or
damaged plasma membrane and is commonly used as a marker
of necrotic cell death.?’” Indeed, histological staining of the
spheroids with hematoxylin and eosin showed typical necrotic
areas formed by cells without nuclei (Figure 3e, yellow
circlers).?® Live/dead staining also corroborated a significant
increment of cell death in spheroids treated with 1 (Figure 3d).

Confirmation of BSA involvement in cell death was done by
quantification and inhibition of ALP that triggers the self-
assembly process. We quantified both membrane-bound and
extracellular ALP in the spheroids and found 20-fold higher
values for the former form (Figure 1d), suggesting its
involvement in the BSA. Immunolocalization of membrane-
bound ALP confirmed this result: the presence of 1 increased
the expression of ALP on the cell surface (Figure S5). We then
studied the inhibition of ALP using pierce phosphatase
inhibitor.? The addition of the inhibitor rescued the cells and the
spheroids had a similar shape and cell viability when compared
to the control spheroids (Figure 3f), manifesting a direct
relationship between the ALP activity and the cytotoxicity of 1.

Glycolysis deprivation via blockage of GLUT1 by 1 and 2 was
also studied as an additional contributor to cell death.’? As
noted, spheroids have a higher expression of GLUT1 as
compared to the 2D cell culture (Figure 1c). We knocked down
GLUT1 expression in the spheroids by transfection with three
target-specific siRNAs (Figure S6). Exposure of the transfected
spheroids to 1 led to a reduction of the of LDH release, i.e. a
significant decrease in the cytotoxicity of 1 (Figure 3g). This
result confirms that 1 and/or its dephosphorylated analog 2

This journal is © The Royal Society of Chemistry 20xx
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interact with GLUT1 and the observed cytotoxicity is also
mediated by this interaction.

Because ALP is present within caveolae and CAV1 is involved
in glycolysis,’* we also investigated possible interactions
between this protein and 1 in the spheroids (Figure S5). CAV1
protein was knocked down?® (Figure S6) but its depletion did not
affect the toxicity of 1 (Figure 3h), showing no direct
participation of CAV1 in the necrotic pathway. Similar results
(not shown) were obtained for 2D cultures with higher
expression of CAV1.

A comparison of the effect of 1 on spheroids (Figure 3) and
2D cell culture (Figure S7) showed important differences: while
cell death in 2D culture increases with increment of both the
concentration of 1 and the treatment time, in the 3D spheroids
we observed a maximum effect of 1 at lower concentration (i.e.
0.5 mM) and shorter treatment time (48 h). Further increase of
the concentration of 1 (i.e. to 1 mM) or extension of the
treatment timeframe (72 h) did not induce additional cell death
in the spheroids. This result indicates that either there is a
higher sensitivity of the spheroids to 1 or there is an inefficiency
of the treatment at the studied conditions.
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Figure 3. Effect of 1 on cell viability in HS578T spheroids: (a) Normalized LDH release as
a function of time and concentration of 1; (b-e) Cell death shown by microscopy images
after (b, d) live/dead (projection of the whole spheroid) and (c, e) hematoxylin/eosin
staining. LDH release of HS578T spheroids as a function of (f) ALP inhibition (1), (g) GLUT1
and (h) CAV1 knockdown (KD). The applied treatment (Treat.) was spheroid exposition
to 1 (1 mM, 48 h). Statistics: ns (non-significant); * p < 0.01; ** p < 0.005; *** p < 0.001;
**%* p <0.0001.

We, therefore, studied the possibility of recovery of the
remaining live cells within the treated spheroid as a forecast of
clinical scenario known as a relapse. Cancer recurrence and
tumor relapse (usually in a more resistant form) caused by
resistant cells within the tumors is one of the major hurdles in
the development of efficient anti-cancer therapies. We re-
plated the treated spheroid in an adherent well plate and
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confirmed that the cells were not able to recover from the
effect of 1, supporting the efficacy of the treatment (Figure 4d).
When untreated spheroid was re-plated, we observed
formation of a dense spheroid (Figure 4c). Because ALP
expression is similar for 2D cultures and 3D spheroids (Figure
1c), we suggest that the observed higher sensitivity of the 3D
tumor model to 1 is due to the GLUT1 overexpression in
spheroids. Thus, the use of the GLUT1 antagonist 1 as a
substrate in a BSA anticancer therapeutic approach has two
advantages. The first one is the enhanced efficacy: the high
malignant potential of resistant cells is related to their ability to
self-renew and form prone differentiated progeny that
compose the bulk of the relapsed tumor - an energy-demanding
process that depends on glucose uptake. In the presence of 1,
some of these cells can survive, but their proliferative potential
is significantly reduced due to the GLUT1 inhibition and
deprivation of the glucose uptake. The second advantage is the
selectivity: the overexpression of GLUT1 in solid tumors, and
especially cells located at the surface makes it suitable target
for a selective therapy.

Figure 4. Spheroid relapse shown by replating the spheroids: representative transmitted-
light microscope images of (a) untreated spheroid (control) and (b) spheroid exposed to
1 (1 mM, 48 h) that were re-plated (c control and d treated) in adherent well plates for
48 h.

In summary, we demonstrated that variable expression levels of
the same proteins in 3D tumor models and 2D cell cultures can
render dramatically different sensitivity to chemotherapies. We
validated this observation by using carbohydrate amphiphile 1
that participates simultaneously in two processes that are
sensitive to the surface expression of two proteins, namely BSA
triggered by membrane-bound ALP and glycolysis inhibition by
blockage of GLUT1. Our data show that the combination of
supramolecular chemistry with the manipulation of vital
biochemical cascades is feasible approach to achieve efficient
cancer therapies.
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