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KEY WORDS Abstract Mornaphthoate E (MPE) is a prenylated naphthoic acid methyl ester isolated from the roots
of a famous Chinese medicinal plant Morinda officinalis and shows remarkable cytotoxicity against
several human tumor cell lines. In the current project, the first total synthesis of (+)-MPE was achieved
Antitumor: in seven steps and 5.6% overall yield. Then the in vitro anti-tumor activity of MPE was first assessed for
AR both enantiomers in two breast cancer cells, with the levoisomer exerting slightly better potency. The
Breast cancer; in vivo anti-tumor effect was further verified by applying the racemate in an orthotopic autograft mouse
PI3K/Akt model. Notably, MPE exerted promising anti-metastasis activity both in vitro and in vivo and showed no
obvious toxicity on mice at the therapeutic dosage. Mechanistic investigations demonstrated that MPE
acted as a tubulin polymerization stabilizer and disturbed the dynamic equilibrium of microtubules via
regulating PI3K/Akt signaling. In conclusion, our work has provided a new chemical template for the
future design and development of next-generation tubulin-targeting chemotherapies.
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1. Introduction

Cancer is a multigenic and multicellular disease with uncontrolled
growth of cells and poor clinical prognosis'. At present, cancer is
the 2™ leading cause of human death after cardiovascular dis-
eases”. In malignant cases, primary tumors would invade other
parts of the body via blood circulation, and this process is called
cancer metastasis, whereas the prognosis of metastatic cancer is
extremely poor. Distant metastasis is usually taken as one of the
major factors leading to low survival rate and also the main reason
of death’. Although great success has been achieved in the pre-
vention and treatment of cancer in the past years, the development
of effective therapeutic approaches for preventing cancer recur-
rence and metastasis remains one of the greatest challenges in
medical science.

Microtubule plays important roles in a number of cellular
processes comprising cytoskeleton formation and maintenance,
the transportation of protein complexes and vesicles, and also
the regulation of cell motility, division and apoptosis* . Because
of its pivotal roles in the survival of eukaryotic cells, any
interference on microtubule would likely result in cell
dysfunction and even death, and it thus has long been regarded
as an important target to develop chemotherapeutic agents’"®.
Microtubule is one of the key components of eukaryotic cyto-
skeleton and it is dynamically assembled from the heterodimers
of o and B-tubulin’, and the disturbance in microtubule assembly
and interference in tubulin polymerization/depolymerization will
cause G,/M phase arrest, eventually leading to cell death'®'".
During the last several decades, a large number of small-
molecule chemicals have been identified as promising
microtubule-targeting agents (MTAs)'?, and there have been
continuous efforts in the development of new tubulin inhibitors
with several candidates (e.g., BNC-105p, CKD-516, CA-4P and
AVES8062) being put forward to the clinical trials in recent
years'?. Though tubulin inhibitors are widely used in the clinic
for cancer treatment, undesirable side effects and drug resistance
due to long-term use still present a big issue®. In addition,
several first-line tubulin-targeting drugs such as paclitaxel
(taxol) are natural molecules with complex structures, and the
cost to produce them is still high. Therefore, the discovery and
development of new type of tubulin inhibitors still own a place
in pharmaceutical industry due to the intrinsic advantages of
chemotherapies.

The PI3K/Akt axis is a key signaling pathway in regulating
many fundamental biological processes comprising cell migra-
tion, proliferation, survival and apoptosis, etc.'*. Growing evi-
dence has revealed that PI3K/Akt signaling is aberrantly
activated in many human cancers'>'®, and it has been recorded
to take an essential part in the migration and invasion of cancer
by regulating the expression of matrix metalloproteinases'’.
Former studies have also shown that PI3K/Akt signaling par-
ticipates in the processes of cell apoptosis and migration induced
by some MTAs in a variety of cancer cells'®>". Meanwhile, this
signaling has been found to potentially enhance the stability of
microtubules thus promoting the invasion and migration process
of tumor cells*'. These findings readily lead to the hypothesis

that targeting PI3K/Akt signaling may impair microtubule
network, and this pathway may play an important role in the
anticancer activity of MTAs.

Previously from Morinda officinalis, we separated and identified a
pair of naphthoate enantiomers, (4)/(—)-mornaphthoate E (MPE),
which showed significant cytostatic activity against human lung
(A549) and breast (MCF-7 & MDA-MB231) cancer cells*>. How-
ever, no further antitumor evaluation was performed on the two en-
antiomers due to their low natural abundance. In this study, the
biomimetic total synthesis of (£)-MPE was accomplished for the first
time, which provided extra sample supply to support the subsequent
biological studies. In general, (4-)/(—)-MPE significantly inhibited
the proliferation, migration and invasion, as well as halted the cycle
progression at Go/M phase, of MDA-MB231 and MCF-7 cells.
Mechanistic investigations unveiled (4)/(—)-MPE as tubulin poly-
merization stabilizers that disturbed the dynamic equilibrium of
microtubule assembly and resulted in the damage to microtubule
network, and this could be achieved by regulating PI3K/Akt
signaling. Lastly, while showing no obvious toxicity on the tested
mice, (+)-MPE strongly prevented the tumor metastasis from breast
to lung and other organs in an experimental metastasis mouse model.
Details of the synthesis, antitumor evaluation and target identification
for MPE will be presented below.

2. Results

2.1.  Chemistry

The structure of MPE (1) is shown in Scheme 1. It contains a 1,4-
naphthoquinone-based tetracyclic ring system incorporating a
novel dioxabicyclo[3.2.1]oct-2-ene motif, and the challenge for its
total synthesis could be the construction of the seven-membered
ring. From our retrosynthetic analysis (Scheme 1), we envi-
sioned solving the potential issues in the assembly of the cyclo-
heptene ring by olefin cross-metathesis and pericyclic reactions.
Firstly, MPE (1) could be obtained from its cometabolite nonin A
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Scheme 1  Retrosynthetic analysis of MPE.
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(2), which may also be a likely biosynthetic precursor of the
former, via oxidative ring closing reaction, and the latter could be
synthesized from 3 via 6w electrocyclic reaction under basic
condition. Then the key intermediate 3 can be acquired by the
metathesis reaction of methallyl alcohol with 3-allyl-2-
methoxycarbonyl-1,4-naphthoquinone (4) which could be readily
synthesized from commercially available cheap reagents.

The whole synthesis (Scheme 2) started from the commercial
product 1,4-dihydroxy-2-naphthoic acid (5) which was methylated
by iodomethane to afford the corresponding methyl ester (6,
97.5% yield), and the latter was transformed to its naphthoquinone
form (7, 97.9% yield) via oxidation. The tried oxidants included
(diacetoxyiodo)benzene, DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone) and silver oxide, and Ag,O with diethyl ether as
solvent was eventually chosen based on an overall consideration
of yield and post-reaction workup.

Next, the allylation at C-3 of 7 was attempted. Kimpe et al.
once reported similar reaction of tributylprenyltin with 7*°, but
considering the toxicity of tin reagents, we selected trimethy-
lallylsilicon (TMAS) for reaction exploration. Interestingly,
compound 6 and its 3-allyl derivative (4a) were also obtained
(Supporting Information Scheme S1). We assumed that the
byproduct 4a could be oxidized by 7 (as a weak oxidant) to the
target molecule 4 and compound 7 itself was reduced back to 6,
and this was further confirmed by the reduction of mixture 4/4a
(by sodium hydrosulfite) to pure 4a and the oxidation of 4/4a (by
DDQ) to pure 4 during the further optimization process. Thus in
the following scale-up reaction for sample accumulation, 4 and 4a
were isolated together and then oxidized to pure 4 (42.4% yield)
by DDQ for subsequent work. Other ring-closing byproducts were
also detected (Scheme S1). Compared with that by Kimpe and
co-workers™, our reaction using TMAS afforded similar products
with less allylation products but more cyclization byproducts. In
addition, TMAS is more environmentally friendly than the tin
reagent.

After the synthesis of 4, the olefin cross-metathesis reaction”*
was employed to acquire the key intermediate (3). The reaction of
4 with methallyl alcohol proved unsuccessful by using the 1%

OH OH
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generation Grubbs catalyst. Then the 2" generation Hoveyda-
Grubbs catalyst was applied and different temperatures and
reacting times were screened (Supporting Information Table S1).
Compound 3 was finally obtained in 24.8% yield at 80 °C in
toluene with an 8-h reaction time. It is worth noting that when the
reaction continued for longer time (overnight), the next-step
product 2 was also detected.

Lastly, the natural cometabolite nonin A (2, 76.6% yield) of
MPE (1) was obtained from 3 via a pericyclic oxa-6m ring-closing
reaction in the presence of Et;N, and nonin A (2) was further
oxidized by (diacetoxyiodo)benzene to afford the final product
MPE (1, 72.8% yield) as a racemate. The racemic MPE (1) was
then fractionated on a chiral column to afford the pure enantio-
mers (+)/(—)-MPE (Supporting Information Fig. S22) for further
studies. As the two enantiomers exhibited activity difference at
cell level”, their subsequent in vitro antitumor effects were
evaluated separately.

2.2.  Biology

2.2.1.  (+)(—)-MPE inhibit the proliferation of MDA-MB231
and MCF-7 cells

To examine the antiproliferative effect of (+)/(—)-MPE, we per-
formed MTT assay using MDA-MB231 and MCF-7 cells. As
shown in Fig. 1A and B, both enantiomers effectively suppressed
the viability of the two cancer cells in a dose-dependent manner.
To fully assess the cytostatic effect of (+)/(—)-MPE, cell viability
was further detected after 24, 48 and 72 h treatment by the two
compounds. The data in Fig. 1C and D and Supporting
Information Table S2 revealed that the two enantiomers could
decrease the tumor cell proliferation in a time-dependent way.
Colony formation is believed to well simulate the pathological
process of tumor progression in vivo. We then analyzed the clo-
nogenicity of MDA-MB231 and MCF-7 cells upon (+)/(—)-MPE
treatment. As shown in Fig. 1E and F, they remarkably inhibited
the colony formation of tumor cells in a concentration-dependent
manner. In addition, the expression level of proliferating cell nu-
clear antigen (PCNA) was obviously decreased by treatment of the
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Figure 1  (+)/(—)-MPE prevent the proliferation of MDA-MB231
and MCF-7 cells. (A, B) MDA-MB231 and MCF-7 cells were
treated with increasing concentrations of (+4)/(—)-MPE, and MTT
assay was performed after 24 h. The bars indicate mean £+ SD
(n = 3). (C, D) MDA-MB231 and MCF-7 cells were treated with
increasing concentrations of (4)/(—)-MPE for 24, 48 and 72 h,
respectively, and MTT assay was conducted. The bars represent
mean + SD (n = 3). (E, F) MDA-MB231 and MCF-7 cells were
seeded in 6-well plates. After 12 h, cells were treated with indicated
concentrations of (+)/(—)-MPE. On the 10t day, the number of col-
onies were counted. Bars represent mean & SD of three independent
experiments. (G) MDA-MB231 cells were treated with increasing
concentrations of (+4)/(—)-MPE and the expression of PCNA was
detected by immunoblotting assay. Protein expressions were quanti-
tated by densitometry and normalized against that of $-actin. Bars
represent mean £ SD from three independent experiments. (H) MDA-
MB231 cells were treated with increasing concentrations of
(+)/(—)-MPE, and then soft agar colony formation assay was per-
formed. The bars indicate mean £ SD (n = 3). ns, no significant
difference, *P < 0.05, **P < 0.01, ***P < 0.001 versus the control

group.

two enantiomers according to Western blot experiment (Fig. 1G).
Moreover, we also performed soft agar colony formation assay,
and it is clearly shown by the representative pictures and

cartograms in Fig. 1H that both cell volume and count were
impaired by incubation with (4)/(—)-MPE. These results suggest
that both (+) and (—)-MPE show promising antiproliferative ac-
tivity toward the tested cancer cells in vitro.

2.2.2.  (+)(—)-MPE block the migration and invasion of MDA-
MB231 and MCF-7 cells

Tumor metastasis requires precise regulation of various cellular
processes, including cell migration and invasion, and inhibiting
the two important cellular events is an effective strategy to sup-
press tumor development. Thus the anti-migration and anti-
invasion effects of (4)/(—)-MPE against MDA-MB231 and
MCEF-7 cells were then detected by Wound-healing and Transwell
assays in vitro. The photographs and statistical data in Fig. 2A—C
clearly showed that the wound healing rates of the two cells were
remarkably restrained by co-incubation with the two compounds.
Moreover, representative images and cell counts from Transwell
assay revealed that the invasion of MDA-MB231 and MCF-7 cells
were markedly blocked by (4)/(—)-MPE treatment (Fig. 2D and
E). Epithelial-mesenchymal transition (EMT) is considered as a
key mechanism for regulating the initial steps of metastatic pro-
gression”, and the expression of EMT-associated marker proteins
was then detected after administration of the two enantiomers.
Fig. 2F illustrated that (+)/(—)-MPE could remarkably upregulate
the expression level of epithelial cell marker E-cadherin while
downregulate that of mesenchymal markers ZEB1 (zinc-finger
E-box binding homeobox 1) and vimentin. Together, these ob-
servations indicate that both (+) and (—)-MPE possess potent
tumor metastasis inhibitory effects in vitro.

2.2.3.  (4+)(—)-MPE induce apoptosis and cycle arrest in MDA-
MB231 and MCF-7 cells

Induction of apoptosis and cycle arrest represents two major ap-
proaches by which most clinical chemotherapies kill tumor cells.
Flow cytomertic analyses were thereby conducted to examine
whether (+)/(—)-MPE induced the apoptosis and cycle arrest in
MDA-MB231 and MCF-7 cells. The results of Annexin V-FITC/PI
analysis in Fig. 3A—C demonstrated that both enantiomers signif-
icantly increased the percentage of apoptotic cells. Meanwhile,
Western blot experiments revealed that the expression level of
cleaved PARP and cleaved caspase-3, which are biomarkers of
apoptosis, steadily enhanced upon administration of increasing
concentrations of (4)/(—)-MPE (Fig. 3D). Next, the cell cycle
distributions of MDA-MB231 and MCF-7 after exposure to
(+)/(—)-MPE were examined. As shown in Fig. 3E and F, the two
enantiomers induced remarkable G,/M phase arrest in the two cell
lines. Additionally, we performed Western blotting assay to eval-
uate the expression level of cell cycle related proteins (Cdc25c,
CDKI1, and Cyclin B1) after (4+)/(—)-MPE treatment. As shown in
Fig. 3G and H, both compounds indeed diminished the expression
of Cdc25c and CDK1 while increased that of Cyclin B1 at protein
level.

2.24.  (+)(—)-MPE inhibit the depolymerization of tubulin

As is known to all, G-tubulin is widely used as an internal refer-
ence in Western blot analyses owing to that it is constantly
expressed in the growth stage of cells and its content is relatively
stable. However, during the detection of the above-mentioned
proteins with (-tubulin as the reference, the expression of the
latter was also remarkably altered. Also, considering that many
natural MTAs, such as taxol, colchicine and vincristine, all cause
severe G,/M phase arrest, it is thus speculated that (4)/(—)-MPE
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may also act on microtubules. Then Western blotting experiment
was first performed to detect the influence of the two enantiomers
on «/B-tubulin. As shown in Fig. 4A and B, the expressions of the
two tubulin subunits, particularly that of (-tubulin, were both
obviously downregulated compared with the blank control. To
further confirm how (+)/(—)-MPE impact and act on the tubulin
protein, an in vitro tubulin polymerization assay was then con-
ducted with taxol (tubulin polymerization stabilizer) and colchi-
cine (tubulin depolymerization inducer) as reference drugs. The
tubulin polymerization curves in Fig. 4C and D clearly revealed
that both compounds promoted the polymerization of tubulin in a
concentration-relying mode, indicating their nature as tubulin
depolymerization inhibitors (or polymerization stabilizers).
Moreover, cellular thermal shift assay (CESTA), which is based
on the biophysical principle of ligand-induced thermal stabiliza-
tion of target proteins, was then conducted in MDA-MB231 cells
to verify the interaction of (4)/(—)-MPE with tubulin. The
immunoblotting analytical results in Fig. 4E indicated that both
enantiomers could bind to $-tubulin and stabilize the protein in
intact cells.

To further explore the possible binding site(s) of (+)/(—)-MPE
to tubulin, molecular docking experiment was conducted. There
have been seven binding sites of tubulin inhibitors reported to
date®®?”, and interestingly the two tubulin stabilizer binding sites
had both been first reported and named after natural product
molecules, ie., taxane site and laulimalide site. Therefore,
(+)/(—)-MPE were docked into the two binding sites, and as
shown in Fig. 4F and Supporting Information Fig. S23, both en-
antiomers displayed obviously superior docking scores with lau-
limalide site than with taxane site, implying that they could bind
to the former. The detailed interactions of the two enantiomers
with the laulimalide site were visualized in Supporting
Information Fig. S24, revealing that (—)-MPE showed one more
polar and one more charged interactions than (+)-MPE with the
protein. Therefore, this docking work supported the stronger
binding affinity of the (—)-enantiomer than the (4)-enantiomer to
tubulin, which was well in accord with the cell-level activity.

2.2.5.  (+)(—)-MPE induce cell death by disrupting the
dynamic equilibrium of tubulin assembly

To further check the impact of (+)/(—)-MPE on microtubules in
living cells, a series of experiments were then carried out.
Immunofluorescence assay was first conduced to examine the
integrity and structure change of microtubules after treatment of
the two enantiomers. Fig. 5A and B illustrated that normal MDA-
MB231 cells in the control group displayed well-organized
microtubule networks which extended throughout the whole cell
to maintain the cell morphology, while treatment with
(+)/(=)-MPE 1led to disordered and reduced microtubule net-
works, as well as cell shrinkage. We next detected whether the two
compounds influenced the stability of microtubules by analyzing
the expression of acetyl-a-tubulin (Ac-a-tubulin) which had been
reported to be an indicator of microtubule stability”®. The
immunofluorescence pictures in Fig. 5C revealed that the
expression of Ac-a-tubulin was remarkably downregulated by
(+)/(—)-MPE treatment in a concentration-dependent manner.
Lastly, microtubules are well known to be one of the main com-
ponents of cytoskeleton, so the cell morphological change upon
treatment of (4)/(—)-MPE was further observed. The photographs
in Fig. 5D and E showed that both MDA-MB231 and MCF-7 cells
became round after exposure to the two samples, and as the doses
increased (4, 8 and 12 pmol/L), all tumor cells shrank and

eventually died (cell numbers in the visual field markedly
deceased). Together, these results demonstrate that (+)/(—)-MPE
could induce cell death by disrupting the dynamic equilibrium of
tubulin assembly.

2.2.6. (+)/(—)-MPE regulate microtubule stability via inhibiting
PI3K/Akt signaling pathway

Former studies had reported that MTAs induced apoptosis via
regulating PI3K/Akt signaling in a variety of cancer cells'®'". Tt
is a well-accepted fact that the apoptosis mechanism is
microtubule-dependent and incorporates the PI3K/Akt signaling
process, and activating this signaling pathway has proven to
potentially enhance the stability of microtubules®®!. To delve
into the effects of (+)/(—)-MPE on this signaling, the protein
levels, both overall and phosphorylated, of PI3K and Akt in
MDA-MB231 cells were evaluated. As illustrated in Fig. 6A, a
significant concentration-dependent decline of the expression of
p-PI3K and p-Akt was observed, while the aggregate levels of
PI3K and Akt remained stable. Additionally, through an
immunofluorescence analysis, it was confirmed that both enan-
tiomers consistently lowered the p-Akt expression as the dose
increased (Fig. 6B). Collectively, these results reinforce the
notion that (4)/(—)-MPE may undermine microtubule stability
by targeting the PI3K/Akt pathway.

2.2.7.  (%)-MPE inhibits tumor growth and metastasis in a
preclinical animal model

Given that the cytostatic activity of (£)-MPE fell in the middle
range of those of (+4)/(—)-MPE (Supporting Information
Fig. S25) with no antagonistic or synergistic effect, and that
the two enantiomers exerted close in vitro anti-tumor activity, the
subsequent in vivo evaluation was then carried out by using the
racemate in an orthotopic autograft mouse model. 4T1 cells
encoding a luciferase reporter gene were subcutaneously intro-
duced into the 4" abdominal mammary fat pad of female
BALB/c mice. After a week, these mice were administered with
either (£)-MPE (5 mg/kg) or PBS every other day for a month.
Fig. 7A—C show cases that (+)-MPE treatment considerably
suppressed tumor progression, leading to significant reductions
in both tumor size and weight compared with those of the control
group. Examination of the harvested tumor tissues also revealed
reduced tumor proliferation due to treatment of (£)-MPE, as
evaluated via anti-Ki67 and anti-PCNA staining by histological
analysis (Fig. 7D). Consistent with the in vitro results, (£)-MPE
treatment significantly prevented the tumor metastasis from
breast to lung (Fig. 7E and F). Next, the primary organs from all
mice were extracted and imaged for detection of tumor presence.
As can be seen from Fig. 7G and H, only one mouse treated with
(£)-MPE had significant lung metastasis, with no other remote
metastatic sites being observed. Conversely, tumors in the non-
treated mice advanced aggressively, with all the five experi-
encing severe metastases in various organs: lung (n = 5), liver
(n = 4), kidneys (n = 3), and spleen (n = 2). In addition, we
also photographed and examined the microtubule networks in the
tumor tissues (Fig. 7I), and in agreement with the in vitro data,
treatment with (+)-MPE disturbed the expression and assembly
of tubulin. Moreover, immunoblotting experiment verified the
downregulation of §-tubulin in the tumor tissues of (+)-MPE-
administrated group compared with the contorl group (Fig. 7J).
Notably, the decreased p-PI3K and p-Akt levels in the primary
tumor tissues of drug-treated group confirmed the inhibition of
(£)-MPE on PI3K/Akt signaling in vivo (Fig. 7K), which
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supported the notion that the in vivo inhibitory effects of
(£)-MPE on tumor growth and metastasis could also be linked to
the suppression of the PI3K/Akt signaling.

2.2.8. (£)-MPE shows no systematic toxicity on mice

To evaluate the potential adverse effects of (£)-MPE in vivo,
female BALB/c mice were treated with either PBS or (4)-MPE
(5 mg/kg) for a duration of 28 days. Body weight was subse-
quently monitored weekly, and at the conclusion of the study,
organ weights were also measured. Encouragingly, mice treated
with (£)-MPE showed no discernible reduction in either overall
body or primary organ weights (Fig. 8A and B). In addition,
histological analysis revealed that (+)-MPE treatment showed
no obvious impairment to all major organs (heart, liver, spleen,
lung and kidney) of the tested mice compared with the control
group (Fig. 8C). Importantly, parameters such as alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels are recognized indicators of liver health, and blood urea
nitrogen (BUN) provides insight into the well-being of kidney
and liver. We then detected the post-experiment levels of ALT,
BUN and AST in mice treated with (+)-MPE. The data from
Fig. 8D revealed no significant alterations in these parameters
when the mice were administered with the specified dosage of
(£)-MPE. In summary, these observations highlight that
(£)-MPE administration did not produce any widespread toxic
effects in the experimental mice.

2.2.9.  Evaluation of preliminary pharmacokinetics and
bioavailability data of (+)-MPE

Lastly, in order to provide further guide for the future design and
development of better candidate molecules, a preliminary inves-
tigation on the pharmacokinetics and bioavailability of (£)-MPE
was conducted. As shown in the Supporting Information phar-
macokinetics experimental report, (£)-MPE showed decent oral
bioavailability (28.04%) but relatively short elimination half-life
(0.391 and 0.839 h for iv and po administrations, respectively.
These data suggest that (£)-MPE may have good permeability in
the gastrointestinal tract but relatively poor metabolic stability
in vivo, which provides a direction for the next-step structural
modification and optimization.

3. Discussion and conclusions

It has long been known since the 1960s that a pair of enantiomers
can exert different degrees of bioactive potency or even totally
different biological properties’®. However, the rule or regularity of
why and how the two enantiomers show bioactivity difference is
very complicated and remain a puzzle to be explored. In the
current work, we have discovered that both levoisomer and dex-
troisomer of MPE exhibited in vitro antitumor effect, with the
(—)-enantiomer displaying mildly higher potency. In addition, the
cytostatic effect of the racemate (+)-MPE only showed a simple
superimposition of that of (+)/(—)-MPE (Fig. S25), and further

assessment of (£)-MPE in animal experiment confirmed its
in vivo antitumor activity as a racemate, which to a certain degree
could be an advantage in that the cost for further racemate-based
drug development will be much lower than that for pure
enantiomers.

Currently, most chemotherapies for cancer treatment aim to
eradicate cancer cells, and this heavily depends on their genotoxic/
cytotoxic capability. However, these external stimuli also entice
tumor to develop the ability of drug resistance by circumventing
the death programs, finally leading to clinical relapse and
metastasis’’. Therefore, targeting tumor metastasis is also an
important approach in cancer prevention, apart from killing cancer
cells. Tumor metastasis is known as a progressive process
involving the formation and colonization of metastatic lesions.
The present work revealed that MPE impeded the migration and
invasion of MCF-7 and MDA-MB231 cells, and blocked the
metastasis of breast cancer to lung and other organs in an exper-
imental metastasis mouse model, which supported the inhibitory
capability of MPE toward metastasis formation. It has been known
that the dynamic equilibrium of microtubules is indispensable for
the polarization and migration of many types of cells and its
regulation is critical to the understanding of the molecular basis of
cell migration®®, There is also work reporting that the PI3K/Akt
signaling plays a role in the microtubule stabilization of
migrating fibroblasts®'. Our current study has disclosed that MPE
could disturb the dynamic equilibrium and impair the network of
microtubules via regulating PI3K/Akt signaling in cancer cells.
However, the detailed mechanism how MPE regulates the
microtubule dynamics via PI3K/Akt signaling requires further
investigation.

Tubulin has been regarded as one of the most successful mo-
lecular targets in antitumor drug discovery” ", and at present,
vinblastine, taxane and colchicine sites are the mostly studied
binding sites in the research of new tubulin inhibitors*'. MTAs
with good antitumor activity, such as taxol (paclitaxel), vinblastine
and vincristine, have been successfully applied in the clinic for
cancer treatment for a long time**. However, they still cannot fully
satisfy our increasing demand for better therapies due to de-
ficiencies like poor bioavailability, drug resistance and side ef-
fects**>. Therefore, the discovery and development of new-
generation tubulin inhibitors have always been on the way. In
the present work, we have identified MPE as a new type of tubulin
inhibitor that act as tubulin polymerization stabilizer likely bind-
ing to the laulimalide site, which provides a new template struc-
ture for further design of more promising candidate molecules.

To summarize, herein we report the total synthesis of (£)-MPE
in detail for the first time and unveil it as a new MTA with
promising anticancer effect both in vitro and in vivo. Particularly,
MPE shows strong anti-metastasis activity with no obvious
toxicity on the experimental animal at the therapeutic dosage.
Mechanistically, MPE could promote the polymerization of
tubulin and impair the network of microtubules likely via regu-
lating PI3K/Akt signaling pathway. Overall, this work has

were taken after 6, 12 and 24 h of incubation at 37 °C. Bars represent mean + SD of three independent experiments. (D, E) MDA-MB231 and MCF-
7 cells (1 x 10°) were re-suspended in serum-free medium and seeded into the upper side of the transwell insert pre-coated with Matrigel. Increasing
concentrations of (+)/(—)-MPE were added to both chambers. Images were obtained after 12 h of incubation. Bars represent mean & SD of three
independent experiments. (F) MDA-MB231 cells were treated with indicated concentrations of (4)/(—)-MPE and the expressions of EMT-relevant
proteins were detected by Western blotting assay with the indicated antibodies. Protein expressions were quantitated by densitometry and normalized
against that of (-actin. Bars represent mean + SD of three independent experiments. ns, no significant difference, *P < 0.05, **P < 0.01,

*##%P < 0.001 versus the control group.
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presented evidence that MPE could serve as a new lead molecule
for the future development of more tubulin-targeting chemother-
apies for cancer treatment.

4. Experimental
4.1.  Chemistry

4.1.1.  General experimental procedures
See Supporting Information.

4.1.2.  Syntheses
Methyl 1,4-dihydroxy-2-naphthoate (6). The starting compound 5
(204.0 mg, 1.0 mmol, 1.0 equiv.) was dissolved in 10 mL DMF at
r.t. and NaHCO; (168.0 mg, 2.0 mmol, 2.0 equiv.) was then added
to the solution. This mixture was stirred for 30 min before the
adding of CH;l (74.7 pL, 1.2 mmol, 1.2 equiv.), and the reaction
was monitored by TLC until the end. The final reaction mixture
was diluted with water (10 mL) and then partitioned with CH,Cl,
(3 x 10 mL). The organic phase was combined, rinsed with
saturated NaCl (3 x 10 mL) and dried over Na,SO,. The acquired
filtrate was solvent-removed in vacuum and finally separated on
silica gel column (light petroleum/EtOAc, 100:1 to 20:1) to afford
6 (2127 mg, 97.5% yield). 'H NMR (500 MHz, DMSO-dg)
o0 11.31 (brs), 9.93 (brs), 8.26—8.22 (m), 8.13—8.09 (m),
7.69—7.64 (m), 7.62—7.57 (m), 7.09 (s), 3.93 (s, 3H) ppm. B¢
NMR (125 MHz, DMSO-dg) 6 170.7, 152.8, 145.2, 129.2, 128.9,
126.6, 125.0, 123.3, 122.3, 104.9, 103.9, 52.7 ppm.
2-Methoxycarbonyl-1,4-naphthoquinone (7). The methyl
naphthoate 6 (109.0 mg, 0.50 mmol, 1.0 equiv.) was dissolved in
10 mL Et,0 at r.t. and Ag,0 (381 mg, 1.64 mmol, 3.3 equiv.) and
MgSO, (120 mg, 1.0 mmol, 2.0 equiv.) were then added to the
solution. This reaction mixture was retained at r.t. for 16 h fol-
lowed by filtration with celite (diatomaceous earth). The obtained
filtrate was rinsed with ice-cold Et,O (3 x 10 mL) and condensed
in vacuo to yield 7 (105.8 mg, 97.9% yield). "H NMR (600 MHz,
chloroform-d ) 6 8.16—8.12 (m), 8.10—8.06 (m), 7.83—7.76 (m,
2H), 7.27 (d, J = 1.0 Hz), 3.95 (s, 3H) ppm. >*C NMR (150 MHz,
chloroform-d ) 6 184.7, 181.3, 163.9, 139.6, 138.5, 134.7, 1344,
131.9, 131.7, 127.2, 126.5, 53.3 ppm.
3-Allyl-2-methoxycarbonyl-1,4-naphthoquinone (4). Under the
protection of nitrogen gas, the solution of intermediate 7
(100.0 mg, 0.46 mmol, 1.0 equiv.) in 10 mL dichloromethane was
slowly added BF3-Et,O (63 pL, 0.51 mmol, 1.1 equiv.) at —78 °C.
Twenty min later, allyltrimethylsilane (66 pL, 0.42 mmol, 0.9
equiv.) was supplemented to the reaction mixture and the stirring
continued for another 4 h at —78 °C until the finish. The reaction
was stopped by water (10 mL) followed by removal of the organic
phase, and the raw product was recovered from the water phase by
partition with dichloromethane (3 x 10 mL). The organic partition
phase was combined, rinsed with NaCl solution (10 mL), dried

over Na,SOy, filtered, solvent-removed and finally purified on
silica gel column (light petroleum ether/EtOAc, 100:1 to 20:1) to
afford 4 (30.2 mg, 25.6% yield). "H NMR (500 MHz, chloroform-
d) 6 8.14—8.07 (m, 2H), 7.80—7.75 (m, 2H), 5.88—5.80 (m), 5.19
(dd, J = 17.1, 1.5 Hz), 5.12 (dd, J = 10.0, 1.3 Hz), 3.95 (s, 3H),
3.34 (dt, J = 6.7, 1.4 Hz, 2H) ppm. '*C NMR (125 MHz, chlo-
roform-d ) 6 184.2, 182.0, 164.9, 145.0, 139.6, 134.4, 134.4,
132.8, 131.8, 131.5, 126.9, 126.6, 118.6, 52.9, 32.2 ppm.

DDQ (26.5 mg, 0.117 mmol, 1.5 equiv.) was added to the
solution of 4a (20.0 mg, 0.077 mmol, 1.0 equiv.) in 10 mL
dichloromethane at r.t. This reaction solution was stirred for an h
until the end and then quenched by 5% NaHCO; (5 mL), followed
by removal of the organic phase. The water phase was partitioned
with dichloromethane (3 x 10 mL), and the dichloromethane
phase was combined, rinsed with NaCl solution (10 mL), dried
over Na,SOy, filtered, solvent-removed and finally fractionated by
silica gel CC (light petroleum/EtOAc, 100:1 to 20:1) to afford 4
(19.2 mg, 96.8% yield).

Methyl (E)-3-(4-hydroxy-3-methylbut-2-en-1-yl)-1,4-dioxo-
1,4-dihydronaphthalene-2-carboxylate (3). Under the protection
of Nj, compound 4 (20.0 mg, 0.078 mmol, 1.0 equiv.) and
methallyl alcohol (13.1 pL, 0.156 mmol, 2.0 equiv.) in 2.0 mL
toluene were put into a Schlenk pressure tube, followed by the
addition of Hoveyda-Grubbs catalyst (II) (9.7 mg, 0.016 mmol,
0.2 equiv.). The reaction solution was heated to 80 °C and allowed
to stand for 8 h. The product 3 (5.8 mg, 24.8% yield) was isolated
over silica gel (light petroleum/EtOAc, 10:1 to 5:1). '"H NMR
(500 MHz, chloroform-d ) ¢ 8.13—8.06 (m, 2H), 7.79—7.74 (m,
2H), 5.40 (m), 4.00 (d, J/ = 1.2 Hz, 2H), 3.95 (s, 3H), 3.40—3.34
(m, 2H), 1.79 (s, 3H) ppm. 13C NMR (125 MHz, chloroform-d )
0 184.4, 182.1, 165.1, 145.8, 138.6, 134.4, 131.8, 131.4, 126.9,
126.6, 119.6, 68.4, 53.0, 27.0, 14.0 ppm. HR-ESIMS m/z
[M+Na]™ 323.0890 (calcd for C,;H;s0sNa™, 323.0891).

(£)-Nonin A (2). To a solution of intermediate 3 (5.0 mg,
0.017 mmol, 1.0 equiv.) in dichloromethane (2.0 mL) at zero
degree was added triethylamine (2.8 pL, 0.02 mmol, 1.2 equiv.),
and the reaction was warmed to r.t. and stirred for 48 h until the
finish. The product 2 (3.91 mg, 76.6% yield) was acquired from
purification by silica gel CC (light petroleum/EtOAc, 5:1 to 3.3:1).
'"H NMR (500 MHz, chloroform-d) 6 12.19 (s), 8.38 (d,
J = 8.1 Hz), 8.15 (d, / = 8.1 Hz), 7.63 (ddd, J = 8.2, 6.8,
1.3 Hz), 7.53 (ddd, J = 8.2, 6.8, 1.3 Hz), 7.27 (d, J = 10.1 Hz),
5.69 (d,J = 10.1 Hz), 4.03 (s, 2H), 3.81 (d, J/ = 11.7 Hz), 3.73 (d,
J = 11.7 Hz), 1.43 (s, 3H) ppm. °C NMR (125 MHz, chloro-
form-d ) 6 172.5, 157.0, 140.9, 129.8, 128.8, 126.7, 125.4, 125.3,
124.8, 124.4, 121.7, 112.6, 102.3, 78.1, 68.1, 52.5, 21.6 ppm.

(£)-MPE (1). To a solution of (£)-nonin A (2, 23.1 mg,
0.077 mmol, 1.0 equiv.) in dichloromethane (3.0 mL) at 0 °C was
added (diacetoxyiodo)benzene (54.8 mg, 0.17 mmol, 2.2 equiv.).
The reaction mixture was stirred for another 2 h until the end,
solvent-removed and finally fractionated by silica gel CC (light

cytometry. Bars represent mean + SD of three independent experiments. (D) MDA-MB231 cells were treated with indicated concentrations of
(+)/(—)-MPE and the expressions of cleaved-PARP and cleaved-caspase 3 were detected by Western blotting assay with the indicated antibodies.
Protein expressions were quantitated by densitometry and normalized against that of $-actin. Bars represent mean + SD of three independent
experiments. (E, F) MDA-MB231 and MCF-7 cells were treated with indicated concentrations of (+)/(—)-MPE and co-incubated for 24 h. Cell
population distribution was determined following PI staining and further analyzed by flow cytometry. Bars represent mean £ SD of three in-
dependent experiments. (G, H) MDA-MB231 and MCF-7 cells were treated with indicated concentrations of (4)/(—)-MPE and the expression of
cell cycle-related proteins were detected by Western blotting assay with the indicated antibodies. Protein expressions were quantitated by
densitometry and normalized against that of $-actin. Bars represent mean £ SD of three independent experiments. ns, no significant difference,

*P < 0.05, ¥*P < 0.01, ***P < 0.001 versus the control group.
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Figure4 (+4)/(—)-MPE inhibit the depolymerization of tubulin. (A,
B) MDA-MB231 and MCF-7 cells were treated with indicated con-
centrations of (+)/(—)-MPE and the expressions of « and (-tubulin
were detected by Western blotting assay with the indicated antibodies.
Protein expressions were quantitated by densitometry and normalized
against that of $-actin. Bars represent mean + SD of three indepen-
dent experiments. ns, no significant difference, *P < 0.05,
*¥*P < 0.01, ¥**¥*P < 0.001 versus the control group. (C, D) In vitro
tubulin polymerization assay was performed. Tubulin was exposed to
DMSO, colchicine (10 pmol/L), paclitaxel (10 pmol/L) or the indi-
cated concentrations of (+)/(—)-MPE. GTP was added to initiate the
reaction. The tubulin polymerization rate was monitored for 60 min at
37 °C and the absorbance at 340 nm was measured. (E) MDA-
MB231 cells were lysed using liquid nitrogen and three repeated
cycles of freeze-thaw, and the cell lysate was treated with
(+)/(=)-MPE (12 pmol/L) or DMSO for 30 min at r.t. The cell sus-
pension was heated for 3 min to 40, 44, 48, 52 and 56 °C, cooled at
25 °C for 3 min, and then centrifuged at 20,000 xg for 30 min.
Finally, the supernatant was collected for Western blot analysis. (F)
Cut-away view of the ligand-binding pocket at the laulimalide site in
the docking complexes of (+)/(—)-MPE with §-tubulin.

petroleum/EtOAc 3:1) to yield (£)-MPE (1, 16.7 mg, 72.8%
yield). "H NMR (600 MHz, chloroform-d ) ¢ 8.10 (dd, J = 7.9,
1.2 Hz), 7.75 (dd, J = 7.9, 1.2 Hz), 7.67 (ddd, J = 7.9, 7.3,
1.3 Hz), 7.56 (ddd, J = 7.9, 7.3, 1.3 Hz), 6.62 (d, J/ = 9.5 Hz),
6.59d,J = 9.5 Hz), 3.95 (d, J = 6.6 Hz), 3.91 (s, 3H), 3.84 (d,
J = 6.6 Hz), 1.71 (s, 3H) ppm. ">C NMR (150 MHz, chloroform-
d) o 181.1,165.3, 146.5, 143.5, 137.0, 133.7, 131.1, 130.3, 126.6,
126.5, 126.2, 123.6, 98.9, 81.0, 74.0, 52.7, 19.6 ppm.

4.2.  Biology

4.2.1.  Cell lines and reagents
See Supporting Information.

4.2.2.  Animal experiments
Female BALB/c mice, aged between 6 and 8 weeks, were pro-
cured from the Institute of Laboratory Animal Science at the
Chinese Academy of Medical Sciences in Beijing, China. All
procedures involving these animals were in strict compliance
with the guidelines laid out by the Institutional Animal Care and
aligned with Qingdao University’s animal research protocols.
Moreover, the Ethics Committee of Qingdao University’s Med-
ical College granted their endorsement for these procedures. The
mice were divided into two groups, each with 5 members. The
test group was given an IP injection of (+)-MPE at a rate of
5 mg/kg/day, while the control group was administered PBS
injections every other day. Weights of the mice were diligently
recorded every week. On completing the 28" day, the mice were
euthanized in a humane manner, their vital organs were swiftly
retrieved, preserved, and subsequently embedded in paraffin,
ready for H&E staining.

Another independent experiment was performed to evaluate
the potential side effects of (£)-MPE using a set of healthy mice,
segmented into groups of 5 each.

4.2.3.  Cell viability assay

The cell viability assay was conducted based on previously
established methods®’. Briefly, MDA-MB231 and MCF-7 cells
(5 x 10* cells/well) were placed in 96-well plates. After a 24-h
period, these cells underwent treatment with varying concentra-
tions of the compounds under investigation. 24 h later, the MTT
method was employed to evaluate cell viability, with absorbance
readings taken at 490 nm. This procedure was replicated in three
separate experiments, each performed in triplicate.

4.2.4.  Colony formation assay

The colony formation assay was conducted following a previously
referenced procedure®. Briefly, MDA-MB231 and MCF-7 cells
were distributed in a 6-well plate. 12 h post-seeding, the cells were
treated with the designated concentrations of (4)/(—)-MPE. The
medium was refreshed every other day, and the cells were culti-
vated for a duration of 1-2 weeks. At the end of this period,
colonies were fixed using 4% paraformaldehyde, stained with
0.1% crystal violet, and subsequently counted manually.

4.2.5.  Soft agar colony formation assay
Agar solutions of 0.7% and 1.2% concentrations were formulated
and then sterilized through autoclaving. Next, they were mixed
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with an equivalent volume of cell culture medium, which was
doubly fortified with FBS and penicillin/streptomycin. The 1.2%
agar was dispensed into a 6-well plate and set aside to solidify.
Simultaneously, the processed tumor cells were gathered, amal-
gamated with the 0.7% agar, and then spread over the set 1.2%
agar. These cells were maintained in culture for 14 days, receiving
fresh culture medium every three days. Upon completion of the
culture period, the cells were dyed with crystal violet. Illustrative
images were then taken using an Olympus BX53 microscope,
based in Tokyo, Japan.

4.2.6. Cell cycle analysis

MDA-MB231 and MCF-7 cells were placed in 6 cm dishes and
exposed to designated concentrations of (4)/(—)-MPE for 24 h
before undergoing trypsinization. Post-centrifugation, these cells
were secured and preserved in ice-cold 70% ethanol, with a
resting period at 4 °C for 24 h. They were then thoroughly washed
with PBS multiple times. Subsequently, these fixed cells were
immersed in PBS supplemented with RNase and PI solution, and
then incubated for 30 min at 37 °C, away from light exposure. The
cell cycle progression was assessed using a flow cytometer pro-
vided by BD Biosciences in Pasadena, CA, USA. This experi-
mental process was systematically conducted in three separate
trials, with each iteration done in triplicate.

4.2.7.  Cell death analysis

Apoptosis evaluations were performed utilizing the Annexin
V-FITC/propidium iodide (PI) assay, following prior protocols’'.
Briefly, MDA-MB231 and MCF-7 cells underwent treatment with
increasing concentrations of (+)/(—)-MPE for 24 h. After this
period, the cells were stained with the Annexin V-FITC/PI
apoptosis detection solution and subsequently analyzed via a
FACS Aria flow cytometer provided by BD Biosciences.

4.2.8.  Wound healing assay

MDA-MB231 and MCF-7 cells were cultured in 6-well plates
until they reached complete confluence. A ‘scratch’ or ‘wound’
was subsequently made with a sterile 100 pL pipette tip. After
this, the cells were either treated with a fresh serum-free medium
or one enriched with varying concentrations of (+)/(—)-MPE.
After a 24-h migration window, the cells were fixed using 4%
paraformaldehyde. Observations of the migration activity were
captured with an inverted IX-71 microscope from Olympus,
Tokyo, Japan. The migrated cells were then quantified by hand.

4.2.9.  Cell invasion assay

MDA-MB231 and MCF-7 cells were first subjected to overnight
fasting and then reconstituted in 100 pL of serum-free medium.
These cells, at a concentration of 5 x 10* cells/well, were intro-
duced into Transwell chambers that had been pre-treated with a
1 mg/mL matrigel layer. Specified concentrations of (4)/(—)-MPE
were then administered to both compartments of the Transwell.
After a 12-h incubation, cells that invaded and settled on the
undersurface were stabilized with 4% paraformaldehyde and
highlighted with a 0.1% crystal violet stain. Cells that remained
non-invasive and were situated on the upper surface of the
Transwell were meticulously cleared using cotton swabs. The cells
that had invaded were visualized and captured with an inverted

IX-71 microscope by Olympus, Tokyo, Japan, and then counted
manually.

4.2.10.  Western blotting experiment

Cells were harvested with RIPA buffer containing 150 mmol/L
sodium chloride, 1% Triton X-100, 0.5% sodium deoxycholate,
0.1% SDS, 50 mmol/L Tris, and a combination of protease and
phosphatase inhibitors. The concentration of the resulting soluble
protein lysates was determined using the BCA protein assay kit
(Pierce, Rockford, IL, USA, Cat# 23225). Uniform quantities of
total or nuclear protein, ranging from 20 to 120 pg, were separated
on 8%—12% SDS-PAGE and then relayed onto polyvinylidene
difluoride nitrocellulose sheets (Millipore, Billerica, MA, USA).
These sheets were subsequently blocked using 5% BSA, incubated
with specific primary antibodies, and later introduced to HRP-
affixed anti-rabbit or anti-mouse secondary antibodies (Sigma, St.
Louis, MO, USA). After rinsing three times with TBST, the
prominent bands were visualized using the chemiluminescence
Western blot detection reagent (ECL kit; Cat# ab65623; Abcam)
and imaged on auto-radiographic film. The entire process was
replicated three times, each time with triplicate samples.

4.2.11.  Invitro tubulin polymerization assay

The tubulin polymerization assay was performed in vitro, using
the recommended guidelines from Cytoskeleton (Cat# BKOO6P).
Various concentrations of (+)/(—)-MPE (100, 200, 300 pmol/L)
were amalgamated with 10 pmol/L of paclitaxel, 10 pmol/L of
colchicine, and a DMSO control. This blend was combined with
tubulin protein in a 100 pL reaction buffer that consisted of
80 mmol/L PIPES, 2.0 mmol/L MgCl,, 0.5 mmol/L. EGTA, 15%
glycerol, and 1 mmol/L GTP, all set to a pH of 6.9. Following
this, the mixture underwent incubation at 37 °C, with its
development observed using a microplate reader (Tecan Spark
10M, Tecan, Austria). The absorbance at 340 nm was recorded
at intervals of 60 s over an hour’s time. It is important to note
that paclitaxel and colchicine served as reference positive
indicators.

4.2.12.  Cellular thermal shift assay (CETSA)

The interaction of (+)/(—)-MPE with @-tubulin in intact cells was
analyzed by CETSA developed by Molina et al.*”. Briefly, MDA-
MB231 cells were lysed using liquid nitrogen and three repeated
cycles of freeze-thaw, and then the cell lysate was treated with
(+)/(=)-MPE (12 pmol/L) or DMSO for 30 min at room tem-
perature (r.t.). The cell suspension was subsequently heated for
3 min to 40, 44, 48, 52 and 56 °C, cooled at 25 °C for 3 min, and
centrifuged at 20,000 xg for 30 min. Lastly, the supernatant was
collected for Western blot analysis.

4.2.13.  Molecular docking of (+)/(—)-MPE to the taxane site
and laulimalide site

Molecular docking procedures were carried out using the Glide
tool within the Maestro software suite (Schrédinger LLC, New
York, USA, 2015). As both taxane site and laulimalide site are
located on S-tubulin, only coordinates of this subunit and the
corresponding small molecule were retained for the docking work,
and the initial model for docking into the taxane site was built
using the complex crystal structure of (+)-discodermolide with
tubulin (PDB ID: SLXT)>’. The first phase involved prepping the
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Figure 5  (+)/(—)-MPE induce cell death by disrupting the dynamic equilibrium of tubulin assembly. (A, B) MDA-MB231 cells were treated
with indicated concentrations of (+)/(—)-MPE for 24 h. Tubulin was stained with anti-«a-tubulin (green) and anti-3-tubulin (red) antibodies, while
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Figure 6  (+)/(—)-MPE regulate microtubule stability via inhibiting PI3K/Akt signaling pathway. (A) MDA-MB231 cells were treated with
indicated concentrations of (4)/(—)-MPE, and the expressions of key proteins of PI3K/Akt signaling were detected by Western blotting assay with
the indicated antibodies. Protein expressions were quantitated by densitometry and normalized against that of $-actin. Bars represent mean + SD
of three independent experiments. ns, no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001 versus the control group. (B) MDA-
MB231 cells were treated with indicated concentrations of (+)/(—)-MPE for 24 h, and cells were stained for p-Akt (red) and the nucleus
(blue) was stained with DAPI by immunofluorescence assay.
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composite structure via the Protein Preparation Wizard, which around the small molecule serving as the docking site. Next,
involves hydrogenation, charge assignment and removal of water (+)/(—)-MPE were prepared with Ligprep program (LigPrep,
molecules distant from the binding pocket, followed by a version 2.3) using the default parameters. Finally, the prepared
restrained energy optimization. Subsequently, a grid file was small molecules were docked into the grid file using XP mode for
generated with the amino acid residues within a 15 A radius scoring predictions.

the nucleus (blue) was stained with DAPI. The boxed areas were magnified to show changes of the microtubule network in (+)/(—)-MPE-treated
cells by immunofluorescence assay. (C) MDA-MB231 cells were treated with indicated concentrations of (+)/(—)-MPE for 24 h, and the cells
were then stained for Ac-a-tubulin (green) and the nucleus (blue) was stained with DAPI by immunofluorescence assay. (D, E) MDA-MB231 and
MCF-7 cells were treated with indicated concentrations of (4)/(—)MPE for 24 h, and then the morphological changes of cells were photographed
by microscope.
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(£)-MPE inhibits tumor growth and metastasis in a preclinical animal model. (A) Photographs of the primary tumors from mice

administrated with PBS (control) or ()-MPE for 28 days. (B) Primary tumor volume was measured each week. (C) Primary tumor weight in each
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Figure 8  (£)-MPE shows no systematic toxicity on mice. (A) (+)-MPE or PBS (control) were administered to normal female BALB/c mice at
5 mg/kg once every two days for 28 days, and the mice’s body weight was monitored once a week. Each treatment group consisted of five mice.
(B) Major organs were removed from the executed mice after the last drug treatment and the weight was measured. (C) Major organs of randomly
selected mice from different groups were stained with H&E (scale bar 50 um) and observed under an inverted microscope (IX-71, Olympus,
Tokyo, Japan). (D) Blood samples were collected 24 h after the last treatment and the serum concentrations of ALT, AST and BUN were measured
using Fuji DRI-CHEM 7000i (Fujifilm, Japan).

Similarly, the molecular docking of (+)/(—)-MPE into the 488-conjugated IgG (Cat#: A11034) and Alexa Fluor 568-
laulimalide site was conducted with the complex crystal structure conjugated IgG (Cat#: A20341), both sourced from Invitrogen.
of laulimalide with tubulin (PDB ID: 404H)>*. The fluorescence emanating from these cells was then visualized

and documented using a DM1000 fluorescence microscope by

. Leica, Germany.
4.2.14.  Immunofluorescence staining ¥

Immunofluorescence staining was executed as previously
described””. Briefly, cells were fixed using 4% formaldehyde for a 4.2.15. Hematoxylin-eosin (H&E) staining

span of 10 min. They were then subjected to the primary antibody Following the experiments, organs from mice, including hearts
incubation for either 2 h at ambient temperature or overnight at and livers, were swiftly gathered and fixed in 4% para-
4 °C. This step was followed by a 2-h incubation with the sec- formaldehyde for an overnight period. These were then set in
ondary antibodies that were fluorescently labeled: Alexa Fluor paraffin. Afterward, 4 pm thick sections were produced and

group was measured after the experiment. (D) Primary tumors were fixed and paraffin embedded. Five-micrometer (5 pm) sections were analyzed
by IHC staining using anti-Ki67 and anti-PCNA antibodies. Scale bar, 100 pm. The IHC results were analyzed by Image-Pro Plus 6.0 (n = 5
fields of view). (E, F) Metastatic lung nodules were visualized and then counted manually, and the differences were evaluated with Student #-test.
(G, H) Ex vivo bioluminescence images were obtained for randomly selected mice in each group to check the effect of (£)-MPE against distant
metastasis, and the metastasis incidence to distant organs was quantified. (I) Primary tumor sections were stained for §-tubulin (green) and nuclei
were counterstained with DAPI (blue). Scale bar, 50 um. (J, K) Primary tumors were lysed and applied to immunoblotting analysis using the
indicated antibodies, with actin as a loading control. Bars represent mean £ SD of three independent experiments. *P < 0.05, **P < 0.01,
*##%P < 0.001 versus the control group.
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stained using H&E. Images exemplifying these sections were
taken with a Leica DM4000b microscope, manufactured in
Germany.

4.2.16.  Immunohistochemical (IHC) staining

IHC staining was conducted following methods detailed in pre-
vious publications®”*’. The staining involved the use of antibodies
specific to PCNA and Ki67. Representative images were then
taken using a German-made Leica DM4000b microscope.

4.2.17.  Preliminary evaluation of pharmacokinetics and
bioavailability

Briefly, eighteen 8-week old female BALB/c mice were randomly
divided into two groups (nine in each group) that received intra-
venous (iv) and oral (per os, po) administrations with 10 and
30 mg/kg (£+)-MPE, respectively. The nine mice in the two
respective groups were further randomly divided into three sub-
groups, with three animals in each group. A cross-collection
method was employed to ensure that there were three parallel
blood samples at each collecting time point in each dose group.
Blood samples were collected from the cheek vein into EDTA-
treated anticoagulation tubes at 1/12, 1/4, 1/2, 1, 2, 4, 8, 24 and
48 h after drug administration. Then the whole blood samples
were centrifuged at 6000xg for 10 min at 4 °C. The obtained
plasma was stored by freezing at —80 °C for further LC-MS/MS
detection. The pharmacokinetic parameters of (£)-MPE were
calculated based on the non-compartmental model, by using blood
drug concentration data.

4.2.18.  Statistical analyses

Every experiment incorporated both control and test groups and
took place on at least three distinct instances. The results are
displayed as the mean + SD, based on a minimum of three
separate experiments. The notation “n” signifies the number of
biological replicates, as detailed in the figure legends. When
contrasting two groups, a Student’s 7-test was used, considering
P < 0.05 as significant unless otherwise mentioned. Each exper-

imental procedure was carried out no less than three times.
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