Biochemistry and Biophysics Reports 30 (2022) 101231

ELSEVIER

Contents lists available at ScienceDirect
Biochemistry and Biophysics Reports

journal homepage: www.elsevier.com/locate/bbrep

BB

Reports

R-etodolac is a more potent Wnt signaling inhibitor than enantiomer,

S-etodolac

JoAnn S. Roberts“, Chao Ma*“, Sarah Y.T. Robertson“, Stephen Kang “, Christiana S. Han ",

Sophie X. Deng ™", Jie J. Zheng*""

2 Stein Eye Institute, Department of Ophthalmology, David Geffen School of Medicine at University of California, Los Angeles, CA, 90095, USA

® Molecular Biology Institute, University of California, Los Angeles, CA, 90095, USA

ARTICLE INFO ABSTRACT

Keywords:

Wnt signaling

R-etodolac

S-etodolac

Limbal stem epithelial cells

Etodolac is an FDA-approved nonsteroidal anti-inflammatory drug (NSAID) used to treat a variety of inflam-
matory diseases. The drug is administered as a racemate (50/50 mixture of R- and S- enantiomers), however,
studies have shown that the two enantiomers have distinct biologic and pharmacokinetic differences. Wnt
signaling, which plays key roles in cell proliferation, polarity, and differentiation, has been shown to be inhibited
by R-etodolac; however, comparative analyses of R- and S-etodolac in this function have not been conducted. We

used in silico molecular docking and TOPflash functional biologic assays to compare R- and S-enantiomers effect
on Wnt signaling inhibition. Further, we used a cultivated limbal stem epithelial cell (cLSCs) model to investigate
enantiospecific changes in the colony-forming efficiency (CFE) of cLSCs. The data shows that R-etodolac is a
more potent inhibitor of Wnt signaling. In addition, consistently, while both enantiomers demonstrate a dose-
dependent decrease in CFE of cLSCs, R-etodolac is a more potent inhibitor.

1. Introduction

Etodolac is a nonsteroidal anti-inflammatory drug (NSAID) widely
used to treat chronic arthritis and acute pain. Similar to other NSAIDs, it
potently binds and inhibits cyclo-oxygenase (Cox-1 and Cox-2), thereby
preventing the formation of the prostaglandins involved in pain and
inflammatory pathways. While the side effects of etodolac are typical of
other NSAIDs, it can in extremely rare cases cause hepatotoxicity due to
an unknown mechanism [1]. Etodolac is administered as a racemic
mixture of its two enantiomers (R- and S-), but the enantiomers have
distinct functions and pharmacokinetics. The inhibitory effects, mainly
on Cox-2, are due to the S- enantiomer [2]. Because the two enantiomers
do not readily interconvert [3], distinguishing the pharmacological
targets and activities of both enantiomers is feasible and important in
the improvement of etodolac for clinical use.

Etodolac, like some other NSAIDs [4], also inhibits Wnt signaling in
addition to Cox-1 and -2. However, the differences between R- and
S-etodolac in Wnt inhibition and their mechanism of action has yet to be

investigated. The effects of racemic mixture of the enantiomers and the
R- and S- enantiomers separately could have implications for stem cell
maintenance, cell differentiation, cancer, and other cells and diseases
affected by the Wnt pathway [5].

In the present study, we first use an in silico structure-based approach
to evaluating the binding ability of the etodolac enantiomers to Fzd
receptors. We then investigate the Wnt inhibitory effects of R- and S-
etodolac and test their effect on the colony-forming ability and prolif-
eration of cultivated human limbal epithelial stem cells (cLSCs). Because
Wnt signaling is necessary for and improves the maintenance of LSCs in
culture [6-8], cLSCs are an effective system to characterize the differ-
ences between R- and S-etodolac in a biological stem cell model. We
demonstrate that R- and S-etodolac have different predicted kinetics of
Fzd receptor binding. Our results suggest that R-etodolac is a more
potent Wnt signaling inhibitor than S-etodolac. Therefore, this work has
important implications in the future therapeutic use of etodolac race-
mate and purified chiral forms of etodolac.
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Fig. 1. In silico molecular docking of R- and S-etodolac with Frizzled receptors.
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A. Docking scores and predicted glide energy of R- and S-Etodolac with Fzd 8, 4, and 7. B. Surface modeling of R- and S-etodolac molecules in the CRD of Fzd 8, 4, and
7 (pdb codes 4FOA, 5CM4, and 5T44, respectively). The Fzd 8 surface model depicts the Wnt ligand in the CRD binding pocket as reference for the inhibitory binding

site [9].
2. Methods
2.1. Docking and scoring in virtual screening

The etodolac ligand structures were retrieved from the crystal
structure of Equine Serum Albumin in complex with R- or S-etodolac
(Protein Data Bank codes 5VOV, 8QS, 8QP, respectively). The etodolac
enantiomers were prepared with the LIGPREP module in the
Schrodinger package (Schrodinger, New York, NY). The pH was set to
7.0, and OPLS 2005 force field parameters were applied. The receptor
models were derived from the mouse FZD8 CRD crystal structure (Pro-
tein Data Bank code 4F0A, chain A), the human FZD4 CRD (Protein Data
Bank code 5CM4, chain A), and the human FZD7 CRD (Protein Data
Bank code 5T44, chain A). Schrodinger’s Protein Preparation Wizard
(Schrodinger, New York, NY) was used to add missing hydrogen atoms,
partial charges, fix crystal structure errors, and remove co-crystallized
water molecules. The molecular mechanics force field grids were
generated around the Wnt binding site using Glide. The grid for FZD8
was determined using residues that form the binding cavity [9]: Ile*°,
Gly?, Tyr*, 11e%5, Leu®’, GIn'*L, Gly'*2, Asn!*3, Prol*, Asp!“5, Thrl*®,
Leu'¥, Met'®, AsplSO, and Tyr151. FZD 8 (NP_114072.1). This was
aligned with FZD 4 (NP_003005.2) and 7 (NP_003498.1) using Clustal
Omega software to determine the residues that correspond to the
binding cavity of Wnt ligand. The grid used to designate the areas for in
silico docking was formed based on this alignment. Virtual screening was
completed using the Glide module in the Schrodinger Software Release
2018-4 [10,11], at standard precision.

2.2. Cell and tissue culture

Cell Culture: 293 STF cells, a stable transfected cell line expressing
luciferase under the T-cell factor/lymphoid enhancer factor (TCF/LEF)

promoter was used for TOPflash experiments (ATTC CRL-3249). L-cells
(ATTC CRL 2648) and L-Wnt3a (ATTC CRL 2647) were used to prepare a
control conditioned media (LCM) and Wnt-conditioned media (WCM)
that was used in the TOPflash assay. All cells were cultured and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL streptomycin
in 5% CO5 at 37 °C. L-Wnt3a cells media was supplemented with 0.4
mg/mL G-418. Preparation of conditioned media: Briefly, cells were
grown for 4 days without changing media in T150 flasks. L-cells and L-
Wnt3a media was collected, centrifuged to remove debris, and sterile
filtered (0.2 pm) before experimental use. Human Corneoscleral Tissue:
Human LSC cultures were cultivated from two separate corneoscleral
tissue donors that were obtained from different eye banks. The experi-
mental protocol was exempted by the University of California Los
Angeles Institutional Review Board (IRB#12-000363) and performed in
accordance with the Declaration of Helsinki. LSCs were cultured using
supplemental hormone epithelial medium (SHEM): DMEM/F12 medium
supplemented with 5% fetal bovine serum (FBS; Life Technologies), N2
supplement (Life Technologies), 2 ng/mL of epidermal growth factor
(EGF; Life Technologies), 8.4 ng/mL of cholera toxin (Sigma-Aldrich; St.
Louis, MO), 0.5 pg/mL of hydrocortisone (Sigma-Aldrich), 0.5% final
concentration of dimethyl sulfoxide (DMSO; Sigma-Aldrich), penicillin-
streptomycin (Life Technologies) and gentamicin/amphotericin B (Life
Technologies).

2.3. TOPflash assay

Stably transfected HEK 293 (293 STF) luciferase-based reporter cell
line (ATCC, Manassas, VA), which expresses firefly luciferase under the
control of TCF/LEF promoter, was used to examine the activation or
inhibition effect of the small molecules (MFH-ND, MFH, and ND) on
regulating the canonical Wnt signaling pathway. 293 STF cells were
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Fig. 2. Dose-dependent inhibition of Wnt signaling. TOPflash Wnt activity assays were performed after treatment (0-500 pM) with A. R-etodolac, B. S-etodolac,
and C. Racemic etodolac. All figures show each of the two biological samples separately, N1 (magenta) and N2 (green), as well as the average of the two samples,
Average (black). A. ICso(Average R-Etodolac): 102.5 pM, 95% CI: 86.08 to 120.7 pM; ICs0(N1 R-Etodolac): 101.1 pM, 95% CI: 82.90 to 121.5 pM; and ICso(n2 R-Etodolac): 103.9
uM, 95% CI: 88.84 to 120.4 uM. B. ICso(average S-Etodolac): 218.3 pM, 95% CI: 203.7 to 232.8 uM; ICso1 s-Etodolac): 226.9 pM, 95% CI: 209.4 to 243.6 pM; and ICsonz s-
Etodolac): 209.7 UM, 95% CI: 192.2 to 227.3 pM. C. ICsg(average Racemic Etodolac): 191.7 uM, 95% CI: 157.0 to 227.1 pM; IC50(N1 Racemic Etodolac): 155.6 pM, 95% CI: 111.3 to
198.9 pM; and ICsoN2 Racemic Etodolac): 222.9 pM, 95% CI: 204.8 to 240.5 pM. Figures and ICso were determined using Graphpad Prism (version 9.3.1). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cultured in 5% CO2 at 37 °C in Dulbecco’s modified Eagle’s medium
supplemented with 4.5 g/L p-glucose and 2 mM glutamine (DMEM,
Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS,
Invitrogen), 0.1 mM nonessential amino acids (Gibco), and 10 mM
HEPES (Gibco). 293 STF cells were seeded and grown overnight in a 96-
well plate at 2 x 10° cells/well confluence. In either control conditioned
media or Wnt3a-conditioned media, cells were incubated with one of the
following reagents: Racemic Etodolac (Sigma Aldrich), R-etodolac, or S-
etodolac (Toronto Chemicals), dissolved in DMSO (from 0 to 500 pM
range). After 16 h of incubation, the cells were incubated for 30 min
with a cell-permeant fluorogenic substrate used to measure cell viability
and normalize for potential toxic effects of the molecules. 5'-fluo-
roluciferin, which is cleaved by luciferase thereby emitting lumines-
cence, was then added to the cells. Both fluorescence and luminescence
were measured using a BioTek microplate reader according to manu-
facturer’s protocol. Each experiment was performed in biological du-
plicates and technical triplicates (N = 6 total). The luminescence values
are presented as the average of two experiments a ratio relative to the
DMSO-only control. Analysis of the R and S-Etodolac dose-response data
and calculation of ICs¢ values were performed using Prism.

2.4. Colony forming efficiency

Isolated single limbal epithelial cells were seeded at a density of 200
cells/ecm? on mitomycin-treated 3T3-J2 mouse fibroblasts (3T3; the
Howard Green laboratory, Harvard Medical School, Sigma-Aldrich; St.
Louis, MO) for 2 h at 37 °C. LSCs were cultivated in SHEM medium and
refed every 2-days with the R- or S- Etodolac treatment (25, 85, or 200
pM) dissolved in DMSO. Each well had the same final DMSO concen-
trations of 0.5%. cLSCs were fixed with 4% paraformaldehyde (Ther-
moFisher Scientific, Carlsbad, CA, USA) and stained for 15 min with
0.5% rhodamine B (Sigma-Aldrich Corp.) at room temperature. Each
experiment was performed in biological and technical triplicates and the
number of colonies determined using ImageJ Software. The number of
colonies formed were then divided by the number of cells plated to
obtain the colony forming efficiency (CFE).

2.5. Statistics
Data were analyzed using Student’s t-test and error bars represent

the mean =+ the standard deviation. P values < 0.05 were considered
statistically significant.

3. Results and discussion

Wnt signaling is ubiquitously involved in many cellular processes
and disease mechanisms, including stem cell biology, embryonic
development, and cancer. The family of Frizzled (Fzd) receptors are
comprised of 10 mammalian genes that serve as main receptors for Wnt
signaling [12]. Fzds oligomerize with LRP5/6 or ROR/RYK among other
membrane-associated proteins to activate canonical and non-canonical
Wnt signaling, respectively. Fzds are therefore a promising cell-surface
target for therapeutic modulation of Wnt signaling, and many recent
studies involve structure-based drug discovery of small molecules tar-
geting Fzd receptors [6,13-17]. The cysteine-rich domain (CRD) of Fzd
receptors is highly conserved and is the site of Wnt-ligand binding [18].
The docking scores and predicted binding free energies of the best-fit
conformations of R- and S-etodolac with the CRD regions of Fzd 8, 4,
and 7 are reported in Fig. 1. This data predicts that S-etodolac binds Fzd
8 slightly better than R-; R-etodolac binds Fzd 7 slightly better than S-;
and both have equal predicted binding affinity for Fzd 4. Etodolac en-
antiomers show stereoselective binding to human serum albumin [19]
and have enantioselective pharmacokinetics. However, it is currently
unclear how these predicted Fzd receptor affinity differences of R- and
S-etodolac may affect Wnt signaling inhibition; thus further investiga-
tion is needed to determine the specific binding affinities of etodolac
enantiomers to different FZD receptors and elucidate the biological
impact of the subtle predicted differences. This topic is worth exploring
due to the current and continued use of etodolac as an NSAID in the
treatment of acute pain (200-400 mg oral dosage) and osteo-
arthritis/rheumatoid arthritis (300-600 mg oral dosage [20]). The
bioavailability of etodolac is 100% in solution and 80% as a tablet. After
administration, the plasma levels can range from 14 + 4 to 37 £ 9
ng/mL2% however it is important to note that R-etodolac remains in
human plasma longer than S-etodolac when a racemate is administered
[21]. Therefore, the exposure to R-etodolac is far greater than S-etodo-
lac. Although most chiral NSAIDs undergo in vivo unidirectional inver-
sion via processing in the liver by hepatic enzymes, etodolac does not
show any inversion of its enantiomers [3]. This means that the biologic
effect of R-etodolac is an important consideration when using a race-
mate for treatment of disease. A deeper understanding of the binding
strength and partners of etodolac enantiomers will add important value
when considering its use or the use of purified enantiomers in the
treatment of disease.

We continued our investigation of etodolac enantiomers on Wnt
signaling by comparing the dose-dependent inhibitory effects of the
etodolac enantiomers using the TOPflash assay. The ability of etodolac
to inhibit Wnt signaling has been demonstrated in previous studies
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Fig. 3. Functional assay of etodolac-induced Wnt inhibition using a cultivated human limbal epithelial stem cell model. A. Representative images of
rhodamine-stained cLSC colonies: untreated, R-etodolac, and S-etodolac (25, 85, or 200 pM). B. Quantitative analysis of colony forming efficiency of cLSCs. C.
Micrographs of cLSC colonies treated with R- and S-etodolac (4x magnification). Mean + SD; N = 3 biological replicates *p < 0.05, **p < 0.01, ***p < 0.001.
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where it decreases active p-catenin levels and phosphorylated GSK3p
levels in hepatoma and hepatoblastoma cells [22-24]. R-Etodolac also
has anti-tumorigenic and cytotoxic effects in chronic lymphocytic leu-
kemia, multiple myeloma, and prostate cancer [24-26]. However, these
studies did not directly compare the inhibitory effects of R-etodolac with
S-etodolac or the racemate. Furthermore, the etodolac inhibitory con-
centration needed to inhibit Wnt signaling by 50% (ICsp) is not pre-
sented in the literature. Our results reveal a marked difference between
the potency of R- and S-etodolac in Wnt signaling inhibition (Fig. 2).
Half maximal inhibitory concentration (ICso) of S-etodolac (218.3 uM,
95%, confidence interval (CI): 203.7-232.8 pM) is ~90% higher than
R-etodolac ICsp (102.5 pM, 95%, CI:86.08-120.7 pM). IC50 of racemate
(191.7 pM, 95%, CI: 157.0-227.1 pM) is between the two. This suggests
that the R-enantiomer is a more potent inhibitor of Wnt signaling.

We further extended our study to include a biologic functional assay
of etodolac by assessing clonogenic ability and growth capacity of cLSCs
using a colony forming efficiency (CFE) assay [27]. Wnt signaling has
previously been shown to be a required regulatory pathway in main-
taining an undifferentiated state of cLSCs [7,8]. Manipulation of the Wnt
pathway by small molecules has led to observable differences in the CFE
of cLSCs, where targeted small molecule Wnt inhibition reduced CFE
and activation increased it [7,8,28]. Therefore, we used cLSCs as a
system to confirm the biologic differences of R- and S-etodolac inhibi-
tion of Wnt signaling using CFE analysis of cLSCs. Comparative analysis
of cLSCs treated with either R-, or S-etodolac showed that CFE is
significantly diminished at 85 pM and 200 pM compare to untreated
(Fig. 3). Moreover, the decrease observed in CFE is more significant in
R-etodolac than S-etodolac. Visual examination of the colonies in Fig. 3A
also reveals R-etodolac dose-dependent differences in colony size. The
cell morphology of etodolac-treated cLSCs also shows more disorganized
colonies and larger cells with higher treatments of R-compared to
S-etodolac (Fig. 3C). Overall, this data further supports R-etodolac as a
more potent Wnt inhibitor than S-etodolac.

Understanding enantioselective targets and mechanisms of etodolac
has clear advantages. The future therapeutic use of R-etodolac as a Wnt
inhibitor can minimize COX-2 dependent side effects caused by the S-
enantiomer. For example, COX-2 is increased in hepatocellular carci-
noma; however, COX-2 inhibition can cause cardiovascular and renal
challenges. Using purified R-etodolac allows for COX-independent Wnt
inhibition [26] that has anti-hepatoma effects without the side effects
[23]. R-etodolac also induces cytotoxicity in myeloma cell lines [29] and
has an antagonistic effect on the function of B-catenin, which is associ-
ated with a variety of cancers. It is also important to consider that
S-etodolac, which primarily inhibits COX, also inhibits Wnt to a lesser
extent. The primary role of S-etodolac as an NSAID may also have a
harmful side effect of inhibiting Wnt signaling in actively proliferating
cell types. Early studies have used the racemate and also found
anti-tumorigenic effects, however the differences between the enantio-
mers are not delineated [30]. Thus, this work has a broad range of
therapeutic implications. As information continues to become available
on the biological and pharmacokinetic differences between R- and S-
etodolac, the need to separate these enantiomers in studies becomes
clearer.

Wnt inhibitors that bind to the CRD region of Fzd receptors also have
therapeutic implications in drug development. Molecules with structural
similarities to etodolac may be used to generate Wnt mimics that bind to
both the Fzd receptor and LRP 5/6 co-receptor, thereby mimicking
oligomerization [6]. The understanding of etodolac chirality and its
impact on the potency of Wnt inhibition may better inform the selection
of molecules used in drug development.

In summary, R-etodolac significantly decreases Wnt signaling in vitro
and is a more potent Wnt inhibitor than the S- enantiomer as demon-
strated by comparative biologic analysis of their effect on cLSCs. The
differences between these enantiomers should be carefully considered
when the racemate is used as treatment for disease or if considering
using purified chiral drugs. For example, racemic etodolac is currently

Biochemistry and Biophysics Reports 30 (2022) 101231

being used in clinical trials as an anti-tumorigenic and anti-metastatic
agent [31,32], so the enantiomeric differences should be considered in
the analysis of the results from the trials. Further study of the mecha-
nisms of action of R- and S-etodolac will delineate their specific ad-
vantages for clinical treatment of disease thereby improving therapeutic
strategies for cancers, arthritis and other inflammation-related diseases.
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