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Abstract: Cancer stem cells are pivotal players in tumors initiation, growth, and metastasis. While several markers have
been identified, there remain challenges particularly in heterogeneous malignancies like adult soft tissue sarcomas, where
conventional markers are inherently overexpressed. Here, we designed BODIPY scaffold fluorescence probes (BD-
IMC-1, BD-IMC-2) that activate via disaggregation targeting for cyclooxygenase (COX), a potential marker for CSCs in
sarcoma in clinical pathology. Based on their structures, BD-IMC-1 showcased higher susceptibility to disaggregation
compared to BD-IMC-2, consistent with their selective interaction with COX. Notably, the BD-IMC-1 revealed positive
cooperativity binding to COX-2 at sub-micromolar ranges. Both probes showed significant fluorescence turn-on upon
LPS or PMA triggered COX-2 upregulation in live RAW264.7, HeLa, and human sarcoma cell line (Saos-LM2) up to 2-
fold increase with negligible toxicity. More importantly, the BD-IMC-1 demonstrated their practical imaging for COX-2
positive cells in paraffin-fixed human sarcoma tissue. Considering the fixed tissues are most practiced pathological
sample, our finding suggests a potential of disaggregation activated chemosensor for clinical applications. )
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Cancer stem cells (CSCs) are sub-population of cells in a
tumor that triggers initiation, growth, and metastasis of
tumor."! Given the substantial therapeutic potential of
selectively targeting CSCs, there is an increasing interest in
visualizing CSCs and discovering associated biomarkers.™
To date, ALDH1, CD44, and CD133 have been identified
and widely accepted as universal biomarkers for CSCs. In
case of surface markers, fluorophore conjugated antibodies
or aptamers were extensively used for various studies. On
the other hands, cellular markers are not easy to access by
antibody, thus fluorescent probes recognizing the targets
were also developed for ALDH1,” vimentin,” and h eme
oxygenase 2 (HMOX2).P! However, it has become evident
that the biomarkers specific to each CSC vary depending on
the organs and types of cancer,” and the general bio-
markers could not be applied for certain types of cancer. For
example, adult soft tissue sarcomas constitute a heteroge-
neous family of mesenchymal malignancies, and exhibit an
overexpression of CD44" and ALDHI1.® This overexpres-
sion complicates the identification and isolation of CSCs

within sarcoma cell population using general markers.
Clinical studies reported CD133 does not have significant
correlation to pathology or chemoresistance.”) Conse-
quently, there is a great need to find an alternative strategy
to visualize CSC populations in sarcomas.

Even though comprehensive genomic and epigenetic
characterizations have shown that sarcomas can be classified
into six major classes,'” molecular markers for sarcoma’s
CSC remain elusive. While many well-known CSC markers
are common across various cancer types, our hypothesis is
that distinctive markers for sarcoma CSC might interact
with these recognized biomarkers, such as CD44. CD44 is a
glycoprotein involved in cell adhesions and migration, which
is one of the most well characterized CSC markers."! Series
of recent studies reported that prostaglandin pathways are
involved in CSC maintenance mediated by CD44 in CSCs
from other cancer types,'” and latest genomic profiling of
sarcomas also presented prostaglandin signaling are statisti-
cally unique in gene ontology analysis for clinical sarcoma
samples (GO#0006693: prostaglandin metabolic process p-
value: 0.00103).l%! Among the enzymes in prostaglandin
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pathway, cyclooxygenases (COX) have been implicated in
promoting the tumor progression and therapy resistance,
and several studies have reported that one of COX isotype,
COX-2, is overexpressed in CSCs compared to none-stem
cancer cells in various cancer types.™ In particular, COX-2
is an inducible form of COX that catalyze the conversion of
arachidonic acid to prostaglandins.'"! Increasing evidence
suggests that up-regulation of COX-2 fosters tumor growth
owing to its cancer stemness property, thus strategies to
inhibit COX-2 activity have demonstrated metastasis pre-
vention effects in preclinical models."” Based on these
reports, we decided to design a fluorescent imaging agents
to visualize CSCs in the sarcoma tissues targeting COX-2.
Previous investigations into fluorescent probes for COX
are all focused on inducible COX-2 isotypes and have
implemented three strategies: i) The first strategy is the
imaging the relative expression of COX-2 in cells using
COX-2 ligands conjugated with non-responsive fluorophores
(e.g. rhodamine, dansyl).'” While the emission of fluoro-
phores did not respond to the binding events, the distinctive
expression of COX-2 in cells acted as receptor for the
imaging probe. However, these probes were susceptible to
background signal interference since the emission signal of
the fluorophore remained constantly active. ii) The second
one is imaging the molecular interactions between COX-2
and chemosensor based on photoinduced electron transfer
(PET) or fluorescence resonance energy transfer (FRET).['!
Despite these chemosensors presented improved signal-to-
background ratio in model systems, such as in vitro or
cultured cells, the intricacies of biological system can readily
alter molecular conformational changes due to their inher-
ent complexity. iii) The third approach is imaging the
enzyme activity by designing the substrates which selectively
generate emissive product upon enzyme reaction.'
Although the activity-based sensing is a valuable technique,
it encounters limitations in clinical pathology, as the
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majority of human tissue samples are examined after being
fixed.

Contrary to the above strategies, the exploitation of
aggregation-dependent emission responses have recently
garnered substantial interests, especially for biomedical
targets."” Phenomena such as aggregation induced emission
enhancement (AIEE), aggregation-caused quenching
(ACQ) have proven their effectiveness in complex in vivo
animal models. In this context, our group has reported on
the bulk aggregation of a neutral organic fluorophore library
for the selective recognition of progesterone, distinguishing
it from 13 kinds of steroids, and validated its applications in
human-derived blood samples.”” Based on these observa-
tions, we envisaged that a fluorescent probe, whose
detection of COX-2 relies on its aggregation state, have
potential for pragmatic pathological examination, thereby
serving as a valuable imaging agent.

We initially started searching a favorable fluorescent
scaffold for aggregation triggered responsiveness and ligands
for COX-2 enzyme. Boron dipyrromethene (4,4-difluroro-4-
bora-3a,4a-diaza-s-indacene, BODIPY) was selected be-
cause of their exceptional photophysical properties including
high fluorescent quantum yield and large molecular extinc-
tion coefficient. Of particular significance, the fluorescent
turn-on mechanisms depending on aggregation status of
BODIPY was extensively studied.”” Among the COX-2
ligands, we chose indomethacin (IMC), because it showed
the lowest number of off-targets other than COXs among
other COX-2 inhibitors in previous chemoproteomic study
(# of off-targets indomethacin < celecoxib < naproxen),?
thus we expected a low background due to the little off-
targets at proteome level. Although IMC lacks isotype
selectivity between COX-1 and COX-2,*! we anticipated
that it would provide responses upon the COX-2 expression
alterations in tissue as COX-2 is the only inducible form of
COX.
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Figure 1. (a) Design and structures of COX-2 probes (BD-IMC-1 and BD-IMC-2). Fluorescence emission spectra and emission RFU curves upon
serial percentage of EtOH in PBS buffer (pH 7.4) for (b-c) BD-IMC-1 and (d-e) BD-IMC-2.

Angew. Chem. 2024, €202405525 (2 of 6)

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH



GDCh
~~

To diversify the self-aggregation modes utilizing these
two components, we designed two BODIPY conjugates
(BD-IMC compounds) by introducing IMC at para- phenyl
of the meso-position and beta-2-position, named BD-IMC-1,
BD-IMC-2, respectively (Figure la). After synthesizing the
compounds, we checked their photophysical properties in
vitro in EtOH (Ayps, gpamc_1: 500 nm, Ay gp.mc_1: 512 nmy; Ay,
gpamc_2: dllnm Ag, ppamc_2: 537 nm) (Figure S1). These
compounds exhibited little solvatochromic effects (Fig-
ure S2). Both compounds showed negligible emission in PBS
buffer solution (pH 7.4, BD-IMC-1: @pgs: 0.0060; BD-IMC-
2: @pgg: 0.0035), as we expected due to the ACQ upon
formation of self-aggregates. We further examined the ACQ
pattern of our BD-IMC compounds in aqueous buffer co-
solvent with EtOH and found both compounds exhibited
remarkably sharp disaggregation profile upon addition of
EtOH (Figure 1b—¢). BD-IMC compounds completely turn-
on within the ranges of 10% difference of EtOH. Half
maximal disaggregation concentration (disaggregation cen-
tration 50%, DCy,) was determined from the emission
values, and BD-IMC-1 was more susceptible for disaggrega-
tion in less percentage of EtOH (*°~™'DC;,<BP~™M2
DCs)).

After verified ACQ properties of BD-IMCs in buffer,
we examined their fluorescence responses against various
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serum mixtures (fetal bovine serum: FBS or goat serum:
GS), abundant enzymes (including biologically abundant
albumin, collagen, immunoglobulin G, and DNA/RNA), 20
amino acids, and pH that potentially interfere the aggrega-
tion state of the probes particularly in human tissues
(Figure 2a,2e, S4, S5, S6). Remarkably, both BD-IMC
probes showed exceptional selectivity and quantum yield
enhancement (BD-IMC-1: Oqox_;: 0.66, Ocox_»: 0.47; BD-
IMC-2: Ocox_1: 0.29, Ocox_o: 0.015) against COXs with
higher fluorescent turn-on to COX-1 than that of COX-2 at
320 pg/ml (Figure 2a,2e, S3). Notably, the fluorescence turn-
on effect dependent on disaggregation is much pronounced
than the pH-dependent response caused by changes in
protonation state of amide linker in BD-IMC-1 (Figure S5).
Consistent with our hypothesis, dynamic light scattering
(DLS) measurement unveiled direct evidence that probes
formed self-assembled nanostructures in PBS buffer average
size ranging 620.4 nm and 598.5 nm for BD-IMC-1 and BD-
IMC-2, respectively (Figure 2b,2f). Both nanostructures
were apparently disaggregated upon COX bindings within
10 min and prolonged for couple of hours, resulting in a size
reduction of more than one-fifth regardless of COX isotypes
(Figure 2¢—d,2 g-h). These in vitro fluorescence responses
and DLS analysis results clearly supported that our BD-
IMC probes operate through a disaggregation mechanism,
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Figure 2. Comparative fluorescence responses and DLS analysis of BD-IMC compounds. (a,e) Fluorescence responses of (a) BD-IMC-1 (5 pM) and
(e) BD-IMC-2 (5 pM) when exposed to a series of biomolecules at a final concentration of 320 ug/ml (1: COX-2, 2: COX-1, 3: probe only control, 4:
peroxidase, 5: hemoglobin, 6: 1gG, 7: transferrin, 8: insulin, 9: RNA, 10: DNA, 11: BSA, 12: esterase, 13: lysozyme, 14: collagen, 15: histone H1, 16:
trypsin). Fluorescence responses spectra against COX-2 (0-320 pg/ml) were presented in a box. (b, ¢, d, f, g, h) DLS analysis of particle size
distribution for 10 uM solutions of (b, ¢, d) BD-IMC-1 and (f, g, h) BD-IMC-2 both in the (b, f) absence and presence of (c, g) COX-1 or (d, h)
COX-2. (i) Schematics of self-aggregation dependent fluorescent quenching of BD-IMC compounds and their fluorescent recovery upon COX-2
binding. Disaggregation schematics are created with BioRender.com (j,k) Hill plots for (j) BD-IMC-1 using COX-1 (10 pg/ml) and (k) BD-IMC-1
using COX-2 (10 pg/ml) and compound concentration ranging from 0 to 12.8 pM.
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leading to the activation of fluorescence for both COX-1
and COX-2.

Since more inducible expression is expected for COX-2
isotypes, the interaction between COX-2 and BD-IMC
compounds was further examined as a function of the ligand
concentrations ranging from 0 to 12.8 uM using the Hill plot.
Interestingly, two BD-IMC probes exhibited distinctive
patterns. The Hill plot of BD-IMC-1 showed distinctive Hill
coefficients that varied depending on the concentration
range (The regions of steep and gentle slope are marked as
flat green and grey dot-pattern background, respectively in
Figure 2j-k). At the lower concentration ranges, BD-IMC-1
exhibited positive cooperativity for both COX-1 and COX-2
(" Neox—1: 2.98, " “heox_o: 2.2; Figure 2i-k). However, it showed
negative cooperativity for both isotypes of COX at high
concentration range ("._i: 0.59, "y 0.17). The
critical concentrations at the intersection point are relatively
close between COX-1 (0.42 pM) and COX-2 (1.02 uM),
which supports BD-IMC-1 recognizes both isotypes of COX
in similar manner. This observation also implies that
disaggregation process consists of two phases: (i) Each
instance of a BD-IMC-1 molecule detached from the nano-
structure of 620 nm size aggregates to bind with COX makes
subsequent binding between the next COX and ligand more
favorable, likely due to the decreased stability of aggregate
under micromolar range, and (ii) the stability of the
aggregate may increase after the shrinking down the
aggregate size down to 122-128 nm. On the other hands,
BD-IMC-2 showed negative cooperativity in all concentra-
tion ranges for both isotypes of COX (feox_1: 0.77, Heox_2:
0.75; Figure S7). In this case, each instance of a BD-IMC-2
detached from the aggregates to bind with COX makes
subsequent binding between the next COX and ligand more
difficult. Such distinction between BD-IMC-1 and BD-IMC-
2 might be originated from the IMC incorporation positions
at BODIPY core and the functional groups in the linker.
Since the amide in BD-IMC-1 could form an intermolecular
hydrogen bonding within the initial aggregate nanostruc-
tures, detachment of each BD-IMC-1 molecule could lead
unstable intermediate states. Consequently, we suspect the
instability might result in the unique positive cooperativity
profile of BD-IMC-1 at sub-micromolar range.

After validating the pan-COX selectivity and thorough
investigation of the interaction between COX and our
disaggregation probes, we proceeded to explore their
potential utility in biological conditions. First, we evaluated
their cytotoxicity in HeLa and Raw264.7 cells using MTT
assay across a concentration range of 0 to 300 uM for the
BD-IMC probes. We observed negligible toxicity for either
probe at concentrations up to 10 uM (Figure S8). Given this
toxicity profile, we proceeded to test BD-IMC compounds
in a live cell model designed to monitor up-regulation of
COX-2 induced by lipopolysaccharide (LPS) or phorbol-12-
myristate-13-acetate (PMA), those of which activates in-
flammatory responses including production of cytokines
such as interleukin-6 (IL-6) and tumor necrosis factor-alpha
(TNF-a).?¥ In this inflammatory activation pathway, COX-2
is a key regulator and a trigger for prostaglandin synthesis in
cells, and its expression is known to increase upon LPS or
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PMA stimulation.” As expected, LPS (200 ug/ml, preincu-
bation for 24 h) or PMA (10 pg/mL, 24 h) treatment led to a
consistent up-regulation of the COX-2 expression in HeLa,
RAW264.7 as well as human sarcoma originated Saos-LM2
cells (Figure 3a—j, S9). Correspondingly, both BD-IMC
probes demonstrated statistically significant fluorescence
turn-on responses with up to 2-fold increases in imaging
intensity.

Encouraged by the successful intensity-based
fluorescence live cell imaging, we finally employed BD-IMC
in human sarcoma tissue. Tissue specimens from three
patients with varying stages of malignancy were obtained
after surgical resection. Prior to check the BD-IMC staining,
we examined the conventional CSC marker (CD44) and
COX-2 expressions from the tissues, correlating with the
degree of malignancy (Figure 3k, S10, Table S1, S2). Immu-
nohistochemistry (IHC) staining images of tissues from
three patients were analyzed using CellProfiler for counting
CD44 positive, COX-2 positive, and total cell numbers
(Table S3-S14).%) The resulting ratio of CD44 positive and
COX-2 positive cells were plotted with conventional malig-
nancy grading method. Currently, the most commonly used
histopathological grading system for soft tissue sarcoma is
so-called the Fédération Nationale des Centres de Lutte
Contre le Cancer (FNCLCC) grading, which evaluates
tumor differentiation, tumor necrosis, and mitotic count.?”
In this FNCLCC grading scale, higher scores (ranging from
1 to 3) represent more severe forms of sarcoma. However,
it's worth noting that this scale doesn’t capture the intricacies
of each stage in detail. For example, both Patient-1 and
Patient-2 were classified as FNCLCC grade 3, but Patient-1
exhibited more severe pathological features. Despite CD44
expression of FNCLCC grade 3 patients are higher than that
of FNCLCC grade 1 patient, the CD44 expression pattern
for Patient-2 far exceeds that of Patient-1. This highlights
the limitation of conventional CSC markers in reflecting the
degree of malignancy. On the other hand, COX-2 expression
represents a positive correlation with the malignancy levels
of the patients, supporting the evidence of COX-2 as a
potential CSC marker. Next, we utilized our BD-IMC
compounds for COX-2 imaging in the sarcoma tissues.
Following surgical resection, the tissues were fixed in
formalin and subsequently embedded in paraffin for IHC
staining. Fluorescence confocal microscopy images of sarco-
ma tissue from Patient-1 showed multiple COX-2 positive
cells in a single window and those cells were also intensely
stained by both BD-IMC-1 and BD-IMC-2 probes (Fig-
ure 31, S11). As the fixed tissue does not suffer from the
toxicity issue, higher working concentration of BD-IMC-1
(20 uM) revealed improved tissue imaging with high colocal-
ization with IHC signals of COX-2 antibody. With these
successful imaging results, our data demonstrated the first
COX-2 imaging in clinical human tissue specimen utilizing
fluorescence disaggregation-based turn-on sensor.

In conclusion, we designed and synthesized fluorescent
probes activated by disaggregation for up-regulated COX-2
detection in clinical pathology context. Indomethacin was
selected as it has superior on-target selectivity as well as its
inherent property of inducing self-aggregation in aqueous
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Figure 3. Bio-application BD-IMC compounds. (a, f) western blot analysis of COX-2 expression upon LPS treatments in (a) Hela and (f) Raw264.7
cells. (b, ¢, d, e, g, h, i, j) Fluorescence live cell imaging analysis for LPS induced COX-2 over expression for (b, g) BD-IMC-1 (10 pM) and (d, i) BD-
IMC-2 (10 pM) in (b, d) Hela and (g, i) Raw264.7 cells. Fluorescence intensity bar graphs for (c, h) BD-IMC-1 (10 pM) and (e, j) BD-IMC-2

(10 M) in (c, e) HelLa and (h, j) Raw264.7 cells. (k) Bar graph of COX-2 and CD44 positive cell populations from three sarcoma patients. (I)
Fluorescence colocalization images between immunohistochemistry staining ofantl COX-2 and BD-IMC-1 (20 uM) in human sarcoma tissue. Data
represent the mean values £ SD. of three independent experiments. (* p <0.1, *** p <0.001, **** p <0.0001; two-tailed paired t-test).

solution. By attaching indomethacin to two distinct positions  first time. It is also noteworthy that our results provide a
on the BODIPY scaffold, we were able to fine-tune the clue of COX-2 as potential CSCs in sarcoma. This observa-
strength of the disaggregation process. BD-IMC-1 exhibited  tion aligns with the previous reports which have indicated
a lower DCs, value than that of BD-IMC-2, and it showed  that conventional CSC markers might be inherently overex-
positive cooperativity against COX enzymes at sub-micro- pressed in sarcoma, rendering them less useful as differ-
molar ranges presenting a more susceptibility to disaggrega-  entiation markers. Although our data revealed a correlation
tion, which makes it more favorable chemosensor. This between COX-2 up-regulation and malignancy stages,
distinctive pattern of fluorescence response and aggregation  potentially suggesting COX-2 as a CSC marker, cautious
perturbation might be originated from the amide linker. As  validation is still warranted. Given the limitations of our
amide offers several advantages over ester linker in that i)  study, which involved a small number of patient samples,
amide linkage tend to be more stable in biological environ-  further meticulous investigation is necessary to validate this
ment, and ii) disaggregation probe containing amide bond  hypothesis, and we are currently expanding our patient
can form stable intermolecular hydrogen bonding network  sample pool for more robust clinical validation.

which may not be as pronounced in their ester counterparts.
Due to the above aspects, BD-IMC-1 might be more
desirable chemosensor responding by disaggregation by
COX bindings. While it is prudent to exercise caution in
drawing definitive conclusions at this moment, persistent This work was supported by the Ministry of Science and
case studies involving disaggregation-based imaging probes ICT through the National Research Foundation of Korea.
will lead us a more comprehensive understanding of the = (NRF-2020R1A2C2004422, NRF-2022R1A2C2092726, RS-
molecular mechanisms underlying the disaggregation proc-  2023-00217996, RS-2023-00217701), and National Research
ess. Council of Science and Technology (NST) grant

With their selective disaggregation in response to pan-  (CAP23011-400).

COX isotypes, our BD-IMC probes proved versatile for

application in both live and fixed biological samples.

Particularly, BD-IMC-1 apparently imaged COX-2 positive

cells in clinical samples of human soft tissue sarcoma for the
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