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Summary The avocado toxin (+)-R-persin (persin) is active
at low micromolar concentrations against breast cancer
cells and synergizes with the estrogen receptor modulator
4-hydroxytamoxifen. Previous studies in the estrogen
receptor-positive breast cancer cell line MCF-7 indicate
that persin acts as a microtubule-stabilizing agent. In the
present study, we further characterize the properties of
persin and several new synthetic analogues in human
ovarian cancer cells. Persin and tetrahydropersin cause
G2M cell cycle arrest and increase intracellular microtubule po-
lymerization. One analog (4-nitrophenyl)-deshydroxypersin
prevents cell proliferation and blocks cells in G1 of the cell cycle
rather than G2M, suggesting an additional mode of action of
these compounds independent of microtubules. Persin can
synergize with other microtubule-stabilizing agents, and is

active against cancer cells that overexpress the P-glycoprotein
drug efflux pump. Evidence from Flutax-1 competition experi-
ments suggests that while the persin binding site on β-tubulin
overlaps the classical taxoid site where paclitaxel and epothilone
bind, persin retains activity in cell lines with single amino acid
mutations that affect these other taxoid site ligands. This implies
the existence of a unique binding location for persin at the taxoid
site.
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Abbreviations
CI Combination index
MDR Multidrug resistance
MSA Microtubule-stabilizing agent
P-gp P-glycoprotein
T-persin Tetrahydropersin

Introduction

The avocado cytotoxin, (+)-(R)-persin ((+)-(R)-(Z,Z)-
1-(acetyloxy)-2-hydroxy-12,15-heneicosadien-4-one) (persin)
(Fig. 1), a polyketide long-chain lipid similar to linoleic acid
(Fig. 1), was first isolated and described forty years ago [1],
with its absolute configuration confirmed twenty years later by
stereoselective synthesis [2, 3]. Amongst other biological ac-
tivities, it has been shown to have antifungal activity in unripe
avocado fruit [4], to be a deterrent to insect feeding [5], and to
be orally toxic to silkworm larvae [1]. Oelrichs et al. [2] addi-
tionally confirmed that persin, and its fully saturated analogue
tetrahydropersin (T-persin) (Fig. 1), which also occurs naturally
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in the avocado plant [6], caused necrosis of the secretory epi-
thelial cells in lactating mice, mirroring the reported effects of
avocado leaf ingestion in other lactating livestock [7].
However, they found its unnatural (S)-isomer was inactive in
this context. Polyunsaturated fatty acids are known to increase
the sensitivity of breast cancer cells to chemotherapeutics such
as paclitaxel [8], suggesting the possibility of using persin in
combination therapy with this anticancer drug. Moreover, the
targeting of the secretary epithelium of the mammary gland by
persin suggests it may have a role in the treatment of breast
cancer, and a number of studies have been carried out to test
this hypothesis [9–12].

Persin was shown to arrest cells in G2M of the cell cycle
and induce microtubule stabilization in MCF-7 estrogen
receptor-positive breast cancer cells [9]. The action of persin,

however, is independent of the estrogen receptor, p53, and
Bcl-2 status of the cells [9], and its induction of apoptosis is
dependent on Bim (BH3-only protein) expression [9]. Other
compounds that target the microtubule, including
microtubule-stabilising agents (MSAs) such as the Pacific
yew tree-derived paclitaxel and its semi-synthetic analog do-
cetaxel, have proven to be successful chemotherapeutic drugs
[13]. Treatment of cells with paclitaxel results in the phos-
phorylation and deactivation of Bcl-2, a protein that promotes
cell survival in cancer cells, thus leading to cell death by
apoptosis [14]. Polyunsaturated acids, such asγ-linolenic acid
(Fig. 1), can directly modulate estrogen receptor sensitivity to
circulating hormones, possibly by down-regulation of the re-
ceptor [10]. These drugs have successfully progressed into
clinical trials for estrogen receptor-positive breast cancer, in

Fig. 1 Chemical structures of persin and selected synthetic analogs, and related unsaturated fatty acids
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combination with 4-hydroxytamoxifen, the active metabolite
of tamoxifen and an estrogen receptor antagonist [15]. Persin,
similar to γ-linolenic acid, is also effective against estrogen
receptor-negative breast cancer cells that are resistant to ta-
moxifen [10, 11]. The mechanism of action of persin in such
cells appears to involve increased ceramide signalling of Bim
through a JNK/cJun pathway, leading to mitochondrial release
of cytochrome c and apoptosis [10]. Interestingly, as Bim
is a sensor of microtubule integrity, it binds to the dynein
motor protein, and thus also plays a key role in MSA-
induced apoptosis [16].

The inflammatory caspase, caspase-4, also appears to be
involved in the action of persin, as shown by the fact that
siRNA knockdown of caspase-4 prevents persin-induced ap-
optosis [11]. The specific targeting of cancer cells over normal
cells by persin or persin extracts has been demonstrated in
breast cancer cells [10], oral epithelial cells [17, 18], and lym-
phoblastic leukemic T-cells (Jurkat cells) [12, 19]. The depen-
dence of persin on the inflammatory caspase-4 [11] may ex-
plain part of its cancerous T-cell-targeting ability, since
caspase-4 mediates the induction of apoptosis by endoplasmic
reticulum stress, and there are links between inflammation and
cancer [20]. Reactive oxygen species and endoplasmic retic-
ulum stress markers also appear to be involved in the mode of
action of persin [11, 12, 17, 18].

Fine-tuning of persin-based analog design requires a de-
tailed structure-activity analysis. Persin comprises a β-
hydroxy ketone system, flanked by an acetate on one side
and a long-chain unsaturated fatty acid on the other.
Isopersin (Fig. 1), in which these moieties are in opposite
positions, lacks biological activity [21], suggesting that the
relative location of these moieties is essential for the biological
activity of persin, or its metabolism to an active form. Brooke
et al. [22] reported structure-activity studies of persin, T-
persin, and nine synthetic analogs, six of which showed cyto-
toxic activity in various cell lines, but with slightly reduced
potency compared to the parent compound. The IC50 for
inhibition of cell proliferation of MCF-7 breast cancer
cells was 15 μM and 17 μM for persin and T-persin,
respectively, and ranged from 20–29 μM for the four syn-
thetic analogs that showed activity [22].

The aim of the present investigation was to confirm the
microtubule-stabilizing activity of persin, T-persin, and six
of the analogs originally synthesized in our laboratory (com-
pounds 1–6, Fig. 1) in two non-breast cancer cell lines. Given
the unusual structure of persin, such confirmation would
exemplify its being a novel MSA chemotype. As it is
not known whether the microtubule-stabilizing effects of
persin are due to its interaction with tubulin or with
microtubules themselves [9], we examined the ability
of persin and two of its analogs to polymerize tubulin inside
cells and to cause G2M arrest, a characteristic property of com-
pounds that target the microtubule. In addition, we examined

the activity of these compounds in cells overexpressing the P-
glycoprotein (P-gp) drug efflux pump, a major contributor to
MDR. We also looked at the effect of mutations in the two
recognized binding sites for MSAs on persin activity, namely
the taxoid site where paclitaxel and epothilones bind [23] and
the laulimalide/peloruside binding site [24]. Lastly, we deter-
mined if persin and T-persin could synergize with other MSAs
that bind to the two known sites on β-tubulin, since, in theory,
such synergy should not occur if two ligands compete for the
same site. We hypothesized that the findings from these inves-
tigations, taken together, would provide insights into whether
persin occupies a novel binding site on tubulin.

Materials and methods

Compounds

Persin, T-persin, and analogs 1–6 were prepared as described
previously [22]. Paclitaxel was purchased from Sigma-
Aldrich Corporation (St. Louis, MO), and ixabepilone
(Ixempra) was purchased from Bristol-Myers Squibb (New
York, NY). Flutax-1 (7-O-[N-(4-fluoresceincarbonyl)-L-ala-
nyl]-paclitaxel) was purchased from Pharmaco (NZ) Ltd.
Peloruside A was isolated by Dr Peter Northcote and Dr
Jonathan Singh, School of Chemical and Physical Sciences,
Victoria University of Wellington from the marine sponge
Mycale hentscheli (New Zealand) as previously described
[25]. All compounds were estimated by 1H NMR and TLC
analysis as being >90–95% pure and were stored at -80°C as 1
mM stock solutions in absolute ethanol or DMSO.

Cell culture and MTT assay

Cells were cultured in a humidified 5% CO2/air atmosphere at
37°C as previously described [26], using RPMI-1640 medium
(Life Technologies, Australia) supplemented with 10% fetal
bovine serum (Hyclone Laboratories, Logan, UT) and
Pen-Strep (Life Technologies). For the ovarian carcinoma
cell lines (1A9, A2780, A2780AD, PTX-10, PTX-22, A8,
B10, R1, L4) and breast cancer cell lines (MCF-7, MDA-
MB-231), 0.25 U/mL insulin (Sigma-Aldrich Corporation,
St. Louis, MO) was also added to the medium. The MCF-
7 cell line and the β-tubulin mutant 1A9 cell lines were a
kind gift of Dr Paraskevi Giannakakou, Weill Medical
College, Cornell University. The MDA-MB-231 cell line
was a kind gift of Dr Euphemia Leung, University of
Auckland, NZ. All other cell lines were obtained as previously
described [26]. The effects of persin and its analogs on cell
growth were assessed using an MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenoyltetrazolium bromide) cell proliferation as-
say, as previously described [27]. In brief, cells were seeded
into 96-well plates at a concentration of 1 × 104 cells per well,
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and after treatment with test compounds for four days (two
days for HL-60 cells), MTT tetrazolium dye (5 mg/mL) was
added to the wells, and the resulting blue formazan crystals
were dissolved in a mixture of 10% sodium dodecyl sulfate
and 45% dimethylformamide at pH 5.5. The absorbance of the
resulting solution at 570 nm was measured in a multilabel
plate reader (EnVision®, PerkinElmer, Waltham, MA).

Flow cytometry

Cell cycle analysis was carried out by flow cytometry using a
FACSCanto™ II with Diva software (Becton Dickinson
Biosciences, Sparks, MD). Scan data were analyzed using
FlowJo 7 software (v10.0.4; Tree Star, Ashland, OR). 1A9
cells were plated in 24-well plates at 1 × 105 cells/well and
allowed to attach overnight. Cells were then treated with test
compounds for 16 h in a CO2/air incubator at 37°C. The cells
were then resuspended in staining solution (0.05 mg/mL
propidium iodide, 0.1% sodium citrate, 0.1% Triton-X100)
with RNAse (100 μg/mL) and incubated in the dark for 30
min, before assessing the DNA content of 10,000 cells in the
FACSCanto™ II.

Cellular tubulin polymerization

The amount of soluble and polymerized tubulin in cells was
assessed using an in situ cellular tubulin polymerization assay
[26, 28]. In brief, 1A9 cells were treated with persin or one of
its analogs for 16 h, and then lysed in a hypotonic buffer
consisting of 1 mM MgCl2, 2 mM EGTA, 1% Nonidet P-40,
50 mM Tris-HCl pH 6.8, and 10 μL/mL protease inhibitor
cocktail (Sigma-Aldrich), and the soluble and polymerized
tubulin separated at room temperature by centrifugation at
14,000 g for 10 min. The pellet (of polymerized tubulin)
was resuspended in an equivalent volume of hypotonic
buffer, and the samples were then electrophoresed and
immunoblotted with an anti-α-tubulin rabbit primary anti-
body (1:1000, ab18251, Abcam) and a Cy5-conjugated
goat anti-rabbit secondary antibody (1:2500, PA45011V,
Amersham, GE Healthcare). The tubulin band densities
were determined from a scan of the transfer membrane
(Immobilon®-FL, Millipore Corp, Billerica, MA) on a
Fujifilm FLA-5100 imaging system (Fuji Photo Film Co. Ltd.,
Japan), and scans were analyzed using ImageJ software (NIH).

Determination of combination index

The combination index (CI) for determining a synergistic in-
teraction was calculated as previously described [29, 30] from
the following equation: CI = D1/Dx1 + D2/Dx2 in which D1

and D2 are the concentrations of drug 1 and drug 2 that when
given in combination give the same response as drug 1 alone
(Dx1) and drug 2 alone (Dx2 ). A CI value <1.0 indicates

synergy, a CI value equal to 1.0 indicates additivity, and a
CI value >1.0 indicates antagonism. It is generally accepted
that a CI value must be ≤0.8 to indicate biologically significant
synergy.

Flutax competition assay

A Flutax-1 competitive binding experiment was carried out
with persin, following the method of Field et al. [31]. HL-60
promyelocytic leukemic cells were seeded into wells of a 24-
well plate at 2 × 105 cells/well in 0.5 mL RPMI-1640 medium
containing 10% fetal bovine serum. The cells were treated
with different MSAs and Flutax-1 for 16 h at 37°C. The
MSA concentrations used were based on the compounds’ re-
spective IC50 values and thus spanned the nM range for pac-
litaxel and peloruside and the μM range for persin. Flutax-1
was used at concentrations of 50 or 200 nM. Following MSA
treatment, 50 μL of cell suspension from each well was
centrifuged at 180 g for 5 min onto a glass slide in a
Cytospin®3 centrifuge (Thermo Shandon, UK). A cover-
slip was mounted onto the slide with ProLong® Gold
Antifade Reagent containing DAPI (Invitrogen, Eugene,
OR), and the green fluorescent staining of Flutax-1 bound
to microtubules and blue fluorescent staining of DAPI bound
to DNA were imaged in an Olympus FluoView FV1000
confocal laser scanning microscope (inverted model IX81)
using a 100× objective.

Data analysis

Statistical analysis of the data was conducted with Prism soft-
ware (v5, GraphPad Software, San Diego, CA). Data sets
were determined to be statistically different if P ≤ 0.05.

Table 1 The average IC50 values (μM) of persin and its analogs. Values
are the mean ± SEM of 3-7 independent biological replicates

HL-60 1A9 MCF-7 MDA-MB-231

Persin 1.9 ± 0.1 13.7 ± 0.6 5.2 ± 0.3 37.8 ± 4.6

T-persin 0.6 ± 0.03 4.1 ± 0.4 2.0 ± 0.3 48.8 ± 5.2

1 4.0 ± 0.1 18.9 ± 1.3 23.3 ± 1.6 18.4 ± 4.6

2 2.6 ± 0.4 19.4 ± 2.2 - -

3 7.5 ± 0.2 21.2 ± 1.8 - -

4 5.8 ± 0.1 34.1 ± 5.3 - -

5 28.4 ± 0.5 47.6 ± 3.5 - -

6 22.8 ± 1.0 124 ± 20 - -

HL-60: human promyelocytic leukaemia cells, 1A9: human ovarian
carcinoma cells, MCF-7: human breast cancer cells, MDA-MB-231:
human metastatic breast adenocarcinoma cells. Compounds 2–6 were
not tested (-) in the MCF-7 and MDA-MB-231 cells
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Results

Anti-proliferative activity of persin and its analogs

Persin, T-persin, and the synthetic analogs 1–6 (Fig. 1) were
tested for cytotoxicity in the non-breast cancer cell lines HL-
60 (human promyelocytic leukemic cells) and 1A9 (human
ovarian carcinoma cells) using an MTT cell proliferation

assay. All analogs showed low μM inhibitory activity in both
cell lines (Table 1), and 1 proved the most potent with IC50

values of 4 μM inHL-60 cells and 19μM in 1A9 cells. Persin,
T-persin, and 1 were then screened in MCF-7 breast cancer
cells and inMDA-MB-231metastatic breast cancer cells, with
1 proving the least active inMCF-7 cells but the most active in
MDA-MB-231 cells. The IC50 values of 1–4were comparable
in both 1A9 and HL-60 cells, whereas 5 and 6were less active

G1

G2M
S

Fig. 2 Flow cytometry scans. The DNA content of 1A9 cells before
(Control) and after 16 h treatment with persin, T-persin, or compound 1,
or with paclitaxel as an MSA positive control, was determined by flow

cytometry of propidium iodide-stained cells. The stage of the cell cycle,
G1, S or G2M, is identified on the Control scan only. See Table 2 for
percentage of cells in each phase of the cell cycle
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in these cell lines. Subsequent characterisation efforts were
focused on delineating the other biological activities of persin,
its natural analog (T-persin), and its most potent synthetic
analog (compound 1).

Cell cycle block by persin and two of its analogs

The effects of persin, T-persin, and compound 1 on progres-
sion of 1A9 cells through the cell cycle were analyzed by flow
cytometry and compared to the effects of the known MSA
paclitaxel in this cell line. Persin and T-persin caused a signif-
icant increase of cells in G2M phase, variable changes in S
phase cell levels, and a fall in the proportion of cells in G1

phase, all of which were qualitatively similar to the effects of
paclitaxel (Fig. 2; Table 2). In contrast, 1 had no effect on the
proportion of cells in G2M, but significantly increased the
proportion of cells in G1, redolent of the G1 block generated
by DNA replication inhibitors such as mimosine [32].

Effect of persin and two analogs on intracellular tubulin
polymerization

Given the definitive G2M block effected by persin and T-
persin, the ability of these two compounds to induce tubulin
polymerization in 1A9 cells was also tested. Both persin and
T-persin increased the amount of polymerized tubulin in the
cells (Fig. 3), verifying their microtubule-stabilizing activity
as originally hypothesized by Butt et al. [9], based on these
workers’ analysis of the data they obtained for the action of
persin in MCF-7 cells. 1 was also tested, and, consistent with
its inability to effect a G2M block, it also failed to induce
significant tubulin polymerization in the cells (although 1
caused an increase from 17%polymerized tubulin in the control
to 24–25% in the treated samples, the concentration-
independence of this apparent increase is not consistent with a
true polymerization effect). It is unclear why 17% polymerized
tubulin is present in the 1A9 control cells for 1: previous in situ
polymerization experiments with 1A9 cells have yielded con-
trol percentage polymerized tubulin values of 0–4% [26, 33],
more consistent with the values obtained for persin and T-persin
than compound 1 in the present study (Fig. 3).

Activity of persin and two analogs in cell lines resistant
to MSAs

The ovarian carcinoma cell lines A2780 (control phenotype)
and A2780AD (MDR phenotype) were used to investigate the
effect of overexpression of the P-gp drug efflux pump on the
growth-inhibitory activity of persin and its analogs (Table 3).
As expected, a 96-fold increase in the IC50 of paclitaxel in the
A2780AD (P-gp–overexpressing) cell line relative to its IC50

in A2780 (low P-gp-expressing) cell line was observed that
was consistent with the known susceptibility of this MSA to

P-gp–based drug efflux. In contrast, the IC50 values of
persin, T-persin, and 1 actually decreased slightly in P-
gp-overexpressing A2780AD cells, relative to their IC50

values in A2780 cells.

Combination treatment with paclitaxel or peloruside A

MSAs can have synergistic effects when given in combina-
tion, especially if they do not compete for the same binding
site [29, 30]. Hence, peloruside A can synergize with pacli-
taxel or ixabepilone but not laulimalide, and paclitaxel is un-
able to synergize with most other taxoid site ligands, such as
ixabepilone and docetaxel.

To investigate this, a range of concentration-combinations
of persin and either paclitaxel or peloruside A was tested in
1A9 cells (Table 4). Significant synergy was seen for some
combinations of these compounds, as demonstrated by com-
bination index (CI) values <1 for 5 μMand 15μMpersin with
5 nM peloruside A (CI values of 0.5 and 0.6), and 10 μM
persin with 5 nM and 2 nM paclitaxel (CI values of 0.6 and
0.7). Thus, only certain concentrations of persin could
synergise with members of both classes of MSAs that bind
to the two known binding sites on β-tubulin.

Investigation of the binding site of persin on tubulin

To locate a possible binding site onβ-tubulin for persin and T-
persin, the activity of these compounds in cells with single

Table 2 Cell cycle analysis

G1 S G2/M

Control 62.5 ± 0.9 18.3 ± 0.4 19.1 ± 0.5

Paclitaxel 5 nM 53.8 ± 0.0 13.6 ± 0.0 32.6 ± 0.0

10 nM 11.7 ± 1.3 10.2 ± 1.4 78.2 ± 2.1

Persin 5 μM 41.9 ± 1.8 28.1 ± 1.0 29.9 ± 1.2

10 μM 35.4 ± 1.6 22.2 ± 4.3 42.4 ± 5.7

20 μM 24.8 ± 2.2 15.2 ± 1.5 60.0 ± 3.7

40 μM 25.8 ± 2.0 13.8 ± 2.8 60.4 ± 4.7

T-persin 5 μM 47.3 ± 3.0 20.7 ± 5.2 32.0 ± 2.3

10 μM 37.2 ± 1.5 28.6 ± 1.7 34.2 ± 2.3

20 μM 32.0 ± 2.9 20.9 ± 3.5 47.1 ± 6.3

40 μM 26.1 ± 2.8 15.5 ± 1.1 58.4 ± 3.9

Compound 1 5 μM 68.2 ± 1.0 14.4 ± 0.4 17.4 ± 0.8

10 μM 70.9 ± 0.8 12.0 ± 1.0 17.1 ± 0.6

20 μM 75.6 ± 9.1 9.1 ± 1.3 15.5 ± 0.5

40 μM 73.7 ± 1.3 9.1 ± 0.5 17.2 ± 1.2

Human 1A9 ovarian carcinoma cells were treated with increasing con-
centrations of persin, tetrahydropersin (T-persin), compound 1, or pacli-
taxel, and their DNA content subsequently examined by propidium io-
dide staining and flow cytometry. Data are presented as the mean % of
cells ± SEM in each phase of the cell cycle. Data represent 3 or more
independent experiments
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amino acid point mutations at the two known β-tubulin
binding sites of classical MSAs were examined to deter-
mine if the potencies of the compounds were affected by
mutations at these binding sites (Table 5). All mutant tu-
bulin cell lines were clones of the 1A9 ovarian carcinoma
cell line, and at least two of the cell lines were known to
have increased resistance to one or more of three MSAs
as follows: paclitaxel (PTX-10; PTX-22; A8), epothilone
(A8; B10), and peloruside A (1A9-R1; 1A9-L4) [28,
33–35]. The increased IC50 values (decreased potencies)
of these MSAs in the resistant cell lines were 11-fold
and 20-fold for paclitaxel (in PTX-10 and PTX-22, respec-
tively), 12-fold and 15-fold for ixabepilone (azaepothilone B)
(in A8 and B10, respectively) and 6-fold and 20-fold for
peloruside A (in 1A9-R1 and 1A9-L4, respectively).
However, the IC50 values of persin and T-persin were un-
changed in these mutant cell lines, suggesting that on tubulin
there exists either (a) a unique binding site for persin, or (b) a
different binding site whose conformation is unaffected by the
mutant amino acid.

Flutax-1 competition experiments (Fig. 4) indicated that
excess persin was able to compete with Flutax-1 for its

binding site (Fig. 4e,f), suggesting that the persin binding site
is adjacent to or overlaps the taxoid site on β-tubulin, which
prevents both compounds from binding simultaneously. As
expected, excess paclitaxel displaced Flutax-1 from its binding
site (Fig. 4d), while conversely, excess Flutax-1 could not be
displaced by paclitaxel (Fig. 4c). Also as expected, peloruside,
which binds to a different location on β-tubulin, distant from

Fig. 3 Cellular tubulin polymerization. An in situ cellular assaywas used
to quantify drug-induced tubulin polymerization by SDS-PAGE
electrophoresis of soluble (S) and pelleted (polymerized) (P)) fractions
of centrifuged cell lysates. 1A9 cells were treated for 16 hours with either
persin, T-persin, or 1 at different concentrations. Paclitaxel at 25 nM was

included as a positive MSA control. The percentage soluble or pelleted
tubulin is given below each lane. Results are representative of 4 or more
independent experiments. The percentage of tubulin relative to the total is
given below each tubulin band

Table 3 MDR susceptibility of persin and its analogs

A2780 A2780AD IC50 ratio (A2780/A2780AD)

Paclitaxel 3.0 ± 0.8 288 ± 66* 96

Persin 8.1 ± 1.1 6.1 ± 0.6 0.75

T-persin 8.1 ± 1.4 5.9 ± 1.2 0.73

Compound 1 13.7 ± 0.9 9.3 ± 0.7 0.68

Human A2780 and A2780AD (MDR phenotype) ovarian cancer cells
were treated with paclitaxel, persin, T-persin, or 1, and the IC50 (μM) of
each compound was determined from a subsequent MTT cell prolifera-
tion assay. *P = 0.0002, unpaired Student’s t-test comparing IC50 values
in A2780AD cells with A2780 control cells. The IC50 ratio = (IC50 in
A2780AD)/(IC50 in A2780). Data are the average IC50 values in μM ±
SEM (nM for paclitaxel) of 5 or more independent experiments
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the taxoid site [24], was unable to prevent Flutax-1 from bind-
ing, even when peloruside was present in excess (Fig. 4b).

Discussion

Persin, with its unique unsaturated, long-chain fatty acid-like
polyketide structure and relative ease of extraction or total
synthesis, shows potential for development as targeted therapy
of breast cancer, given its specific and cumulative effect on
mammary gland tissue [2, 9–11]. Its IC50 for growth inhibition
is in the low micromolar range, and the aim of the present

study was to examine the structure-activity relationships of
persin and seven of its analogs. In addition, we further char-
acterized the microtubule-stabilizing activity of persin and
selected analogs, as well as investigated their susceptibility
to MDR and ability to synergize with other MSAs.

Bioactivity of persin analogs

The biological activity of persin, its saturated natural analog T-
persin, and six synthetic analogs (Fig. 1) were tested for their
activities in the leukemic cell line HL-60 and the ovarian
cancer cell line 1A9. The total synthesis of these analogs has
previously been described [22], together with their 24-h bio-
activity in MCF-7 cells, and the activity of persin and T-persin
across a range of cancer cell types (eight breast, two ovarian,
and two prostate cancer cell lines). Persin was active in all but
two of these cell types (breast cancer cell line MDA-MB-231
and the phenotypically normal epithelial breast cell line MCF-
10A); whereas, conversely, T-persin was inactive in all but
two of these cell types (breast cancer cell lines MCF-7 and
T-47D) [22].

In the present study, the synthetic analogs displayed less
potent anti-proliferative activities than persin and T-persin in
HL-60 and 1A9 cells (Table 1), although it is notable that 1–4
retained single-digit, micromolar IC50 values in HL-60 cells. 1
was also tested in MCF-7 and MDA-MB-231 cell lines and,
surprisingly, was more potent in the normally resistant MDA-
MB-231 cells than in MCF-7. This contrasts with the relative
inactivity (IC50 >39 μM) of persin and T-persin in MDA-MB-
231 in this (Table 1) and in the previous study [22] and dem-
onstrates that a β-hydroxy ketone moiety is not the sole pre-
requisite for the biological activity of these compounds.While
it is possible that the α,β-unsaturated system of 1 may impart
Michael-accepting ability to this analog, the relative inactivity
of 1 inMCF-7 cells [22] suggests that any such ability may not

Table 4 CI values for persin/peloruside and persin/paclitaxel combina-
tions in human 1A9 ovarian carcinoma cells

Persin (μM) Peloruside A (nM) CI ± SEM n P value

5.0 5.0 0.5 ± 0.1 5 0.0087

10.0 5.0 1.9 ± 0.4 5 ns

10.0 10.0 2.0 ± 0.3 5 ns

10.0 15.0 2.8 ± 0.8 5 ns

15.0 5.0 0.6 ± 0.1 5 0.0022

Persin (μM) Paclitaxel (nM) CI ± SEM n P value

5.0 2.0 1.2 ± 0.2 4 ns

5.0 5.0 1.3 ± 0.2 4 ns

10.0 2.0 0.6 ± 0.1 6 0.0012

10.0 5.0 0.7 ± 0.1 6 0.0126

15.0 5.0 2.1 ± 0.5 6 ns

Calculated values for the combination index (CI) are presented for persin/
peloruside and persin/paclitaxel combinations. See Experimental Details
for CI value calculation. Concentrations are given in μM for persin and
nM for peloruside and paclitaxel. P values are calculated from a one-
sample Student’s t-test, and the number of biological replicates (n) is
given in the table. ns = not significant. CI <1.0 = synergy; CI 1.0 =
additivity; CI >1. = antagonism

Table 5 IC50 of persin and T-persin in mutant β-tubulin cells resistant to MSAs

Cells

Drugs 1A9 R1 L4 PTX-10 PTX-22 A8 B10

Persin 20.8±1.3 23.7±1.6 21.1±2.9 20.6±1.1 19.2±0.6 19.8±1.5 21.4±1.6

T-persin 20.7±1.6 22.7±1.5 21.4±1.4 20.7±3.3 20.4±1.6 19.9±2.5 22.3±0.2

PLA 15.9±0.8 101.0±5.5** 312.2±29.4**

PTX 4.4±0.8 49.1±5.5* 88.1±4.5**

IXA 5.1±1.2 62.6±1.5** 78.3±6.4*

The IC50 values of persin and T-persin are in μM and the IC50 values of peloruside A (PLA), paclitaxel (PTX), and ixabepilone (IXA) are in nM. 1A9
cells are the control cells with wild type β-tubulin. R1 cells have a mutation (A296T) in the laulimalide/peloruside binding site and show increased
resistance to peloruside A. L4 cells have a mutation in the same binding site (R306H/C) and are resistant to both peloruside A and laulimalide. PTX-10
and PTX-22 cells have mutations in the taxoid binding site on β-tubulin (F270V and A364T, respectively) and are resistant to paclitaxel but not
ixabepilone. A8 and B10 cells also have mutations in the taxoid binding site (T274I and A364T, respectively) and are resistant to ixabepilone. A8 also
shows resistance to paclitaxel. *P < 0.001; **P < 0.0001, Student’s t-test comparing IC50 of a compound in the parental 1A9 cells with its IC50 in the
mutant β-tubulin cells. Data are the average ± SEM of 4 independent experiments
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fully describe the activity of 1. Moreover, a revival of interest
in Michael acceptors as possible cancer treatments illustrates
that molecules incorporating α,β-unsaturated systems
may have utility in modern anti cancer drug development.
This is exemplified by the development of 1,4-dienone deriv-
atives of the natural product oridonin which are pro-apoptotic

in the resistant MDA-MB-231 cell line but relatively less toxic
to normal cells [36], and the current Phase 1 trial of the 1,4-
enone-containing PFKFB3 inhibitor ACT-PFK-158 for ad-
vanced solid malignancies [37].

Other structure-activity relationships evident from the data
in Table 1 are that analogs 5 and 6 are clearly less potent than

Fig. 4 Persin competition of
Flutax binding. HL-60 cells in
cell suspension were treated with
different MSAs and Flutax-1 for
16 h, then centrifuged onto a glass
slide in a Cytospin®3 centrifuge
and mounted in DAPI plus
Prolong Antifade. The green
fluorescent staining of Flutax-1
bound to microtubules and blue
fluorescent staining of DAPI
bound to DNAwere imaged in an
Olympus FluoView FV1000
confocal microscope with a 100×
objective. Image (a) shows the
strong green fluorescence of
Flutax-1 bound to the taxoid site,
and image (b) is very similar. This
indicates that, as expected, an
excess of peloruside (PEL), an
MSA that does not bind to the
taxoid site, does not perturb the
binding of Flutax-1 to this site.
Image (c) shows that binding of
excess Flutax-1 cannot be
displaced by paclitaxel (PTX), but
when paclitaxel is in excess, no
green fluorescence can be seen
(d). This shows that paclitaxel
and Flutax-1 compete for the
same binding site. Similarly,
images (e) and (f) confirm that
excess persin is able to compete
with Flutax-1 for binding to the
taxoid site. Results shown are
representative of three
independent experiments. The
scale bar in panel A is 5 μm, and
all 6 images are at the same
magnification
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persin and T-persin in both HL-60 and 1A9 cells, most likely
due to the steric hindrance of anα-dimethyl group (5), and the
lack of an extended sidechain (6). This was also seen previ-
ously inMCF-7 cells, in which the IC50 values of 5 and 6were
29μMand >65 μM, respectively [22]. The phenyl-substituted
analogs 2, 3, and 4 retain reasonable potency in HL-60, but are
relatively less efficacious in 1A9. It is noteworthy, however,
that the diphenyl analog 3 is nearly as active as its
monophenyl-substituted counterpart 2 in 1A9, whilst 4-
bromophenyl compound 4 is significantly less potent than
both 2 and 3 in this system. This differs from the trend ob-
served for these compounds in MCF-7 cells in the previous
study, in which 4 and 2 proved more potent than 3 [22], sug-
gesting that different cancer types may be uniquely suscepti-
ble to different analogs of persin and T-persin, and further
illustrates the non-essentiality of a β-hydroxy moiety for po-
tency. Furthermore, the efficacy of analogs 1–4 in HL-60
show that persin and its close analogs may have particular
utility against leukemias.

It is clear that theβ-hydroxy ketone system of persin and T-
persin is required for stabilization of the microtubule, since 1,
which lacks this moiety, is inactive with regard to both G2M
block (Table 2) and intracellular tubulin polymerization
(Fig. 3). However, the fact that the growth-inhibitory activity
of 1 against HL-60 cells is good, and against three other
cell lines is moderate (Table 1), suggests that additional
activity may hinge on the Michael-accepting ability of the
α,β-unsaturated system of 1. This may enable 1 to inter-
fere with non-tubulin cellular pathways also targeted by
persin, such as those mediated by acetyl-CoA carboxylase,
a key enzyme in fatty acid biosynthesis that is inhibited
by micromolar concentrations of persin [38].

Butt et al. [9] showed that persin promoted tubulin poly-
merization; however, the breast carcinoma cell line they used
(MCF-7) has a high proportion of stabilized (polymerized)
tubulin in the cell even in the absence of an MSA. Thus, the
polymerized tubulin increased by only a small amount from
37% to 45% in the presence of persin [9]. To increase the
chance of a greater increase in polymerized tubulin being vis-
ible, we chose to test intracellular tubulin polymerization in an
ovarian carcinoma cell line (1A9) that has mostly soluble mo-
nomeric or dimeric tubulin in the absence of an MSA. As
expected, persin and T-persin caused large changes in
the relative proportions of soluble and polymerized tu-
bulin in 1A9 cells, from 0% polymerized in the control
to >56% polymerized at the highest concentrations test-
ed (100 μM) (Fig. 3). Butt et al. [9] had previously shown
that persin caused microtubular bundling in MCF-7 cells (a
sensitive cell line) but not in MDA-MB-231 cells (a resistant
cell line), providing additional support for a microtubule-
stabilization mode of action.

As 1 was the most cytotoxic of all six of the novel analogs
(Table 1), it was selected for further investigation, and was

found to increase the proportion of cells in G1 of the cell cycle
and decreased the proportion in S phase (Fig. 1, Table 2).
Although G1 block is typical of compounds that inhibit
DNA synthesis or interact with and block cyclin-dependent
kinases (regulators of the cell cycle), there is little information
available on other potential targets of persin and its deriva-
tives, except the reported inhibition of acetyl-CoA carboxyl-
ase [38]. As suggested by Brooke et al. [22], persin may in-
terfere with lipid metabolism; however, this hypothesis has yet
to be tested. It is also important to note that persin becomes
available only after its release in the gut from the ingested
avocado matrix [2], and therefore studies carried out in cell
lines may not be entirely representative of the true action of
persin if such action is due to a metabolite formed in vivo. For
example, a persin metabolite may cause the necrosis and ap-
optosis seen in the mammary epithelium; whereas, persin and
some of its other metabolites may target tubulin, as shown by
us and previously by Butt et al. [9]. The effects of persin on
estrogen receptor signaling in mammary epithelium indicate
persin may have wider efficacy and a distinct mechanism of
action compared to other polyunsaturated acids since most
polyunsaturated fatty acids, unlike persin, have no effect in
estrogen receptor-negative cell lines [10].

Lack of susceptibility to MDR

In other studies, the metastatic breast cancer cell line MDA-
MB-231 was shown to be highly resistant to persin, possibly
because of a decreased level of Bim in the cells [9, 10]. The
MSA paclitaxel is known to directly bind anti-apoptotic pro-
tein Bcl2 [39], which is down-regulated in paclitaxel-resistant
cells [40]. The demonstrated resistance of MDA-MB-231
cells to persin and its analogs is consistent with the results
presented in Table 1, with the IC50 for persin being 38 μM
in MDA-MB-231 cells, 7-fold higher than its IC50 in MCF-7
cells, and also higher than its IC50 in the non-breast cancer
HL-60 and 1A9 cell lines. In the present study, we concentrat-
ed on two cancer cell lines that were not derived from breast
cancers, a promyeloid leukemic cell line (HL-60) and an ovar-
ian cancer cell line (1A9). A recent paper by Bonilla-Porras et
al. [12] using avocado extracts demonstrated that a lympho-
blastic leukemic Jurkat cell line was also highly susceptible to
growth inhibition by the extracts, an effect that has also
been seen in human oral epithelial cells [17, 18] and hu-
man T-cells [19]. Thus, in addition to the potential use of
persin to treat breast cancer, especially estrogen receptor-
negative, tamoxifen-resistant forms [9–11], it may also
have application to other forms of cancers, including those
currently targeted by paclitaxel and other MSAs.
Furthermore, persin and T-persin are not affected by overex-
pression of the P-gp pump (Table 3); thus, tumors that have
developed the MDR phenotype would remain sensitive to
these compounds.
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Synergy of persin with paclitaxel and peloruside A

Persin interacted synergistically with both paclitaxel and
peloruside A in 1A9 ovarian carcinoma cells (Table 4), sug-
gesting that persin or one of its analogs could sensitize cells to
taxane chemotherapy, especially in tumors that have acquired
resistance to the taxane drugs. The effective dose of persin
(IC50), however, is 1000-fold higher than that of paclitaxel,
and this could present challenges from a clinical perspective.
Other researchers have demonstrated potent synergistic activ-
ity of persin with 4-hydroxytamoxifen in both estrogen
receptor-positive and -negative breast cancer cell lines [10,
11]. In addition, oleic and γ-linolenic acid (Fig. 1), fatty acids
that are structurally related to persin, have positive effects in
combination with paclitaxel in estrogen receptor-positive
breast cancers [8], and γ-linolenic acid has also demonstrated
synergy with the microtubule-destabilizing agent vinorelbine
in a range of breast cancer cells [41] and is efficacious as a
combination therapy with tamoxifen for estrogen receptor-
positive breast cancer [15].

It is possible that persin may have an effect in breast
epithelium unrelated to its effect on tubulin, enabling it
to directly trigger apoptosis in mammary tissue [9]. In
support of this, Roberts et al. [10] demonstrated that
persin and 4-hydroxytamoxifen can synergise in their
effects on the ceramide-mediated apoptotic pathway.
This may be independent of microtubule interactions, since
the pro-apoptotic synergy of persin and 4-hydroxytamoxifen
appears to be mediated by endoplasmic reticulum stress [11].

Localisation of the binding site for persin on β-tubulin

Although the evidence is indirect, the synergy data suggested
that if persin and T-persin act by directly binding to tubulin as
proposed, their binding site may be unique and located on
either α- or β-tubulin. However, as stated above, it is also
possible that persin and T-persin can cause tubulin polymeri-
zation indirectly via a protein that associates with microtu-
bules, or that they have secondary, non-microtubule targets.
Evidence for the latter is seen by the fact that 1 retained similar
anti-proliferative activity to persin in 1A9 cells, despite its
inability to either block cells in G2M of the cell cycle
(Fig. 2, Table 2), or polymerize intracellular tubulin (Fig.3).
As discussed, the α,β-unsaturated system of 1 may also en-
able it to participate in Michael addition reactions, the utility
of which in anti cancer drug development is currently being
re-explored.

The studies in β-tubulin mutant cell lines resistant to other
MSAs (Table 5) showed that both persin and T-persin retained
their full activity in themutant cell lines. Thus persin, or one of
its analogs, may be useful in combination with other MSAs, as
well as on its own, for a tumor that has developed resistance to
current clinicalMSAs. The lack of effect of a point mutation at

the taxoid binding site in tubulin on persin activity indicated
that persin may not bind to the taxoid site or that persin
may interact with the microtubule in a manner different to
that exhibited by traditional MSAs. Although we tried to
directly polymerize purified bovine tubulin in vitro using a
standard protocol, we were, for reasons unclear, unsuccess-
ful in our attempts. One possible cause may have been a
high light-scattering background that we observed in the
persin sample at t=0, suggesting possible non-specific pre-
cipitation of tubulin in the presence of persin. Another
possible explanation is that the mechanism by which
persin induces tubulin polymerization may not involve a
direct interaction with the microtubule, but may occur via
a binding interaction between persin and a microtubule-
associated protein, or another key protein such as stathmin
or dynein. To test this, we carried out a competition ex-
periment and found that persin at high concentrations was
able to displace a bound MSA (Flutax-1) from the micro-
tubule, indicating that it must bind in the vicinity of the
taxoid site on β-tubulin. Although this may seem to be
inconsistent with out observation that mutations in β-
tubulin at the taxoid site had no effect on persin activity,
analogous results (i.e. two or more MSAs binding to the
taxoid site but nevertheless having different susceptibilities
to specific amino acid mutations at the taxoid site) have
been previously described for paclitaxel, epothilone, and
discodermolide [28, 42, 43]. In addition, two MSAs that
are known to bind in the taxoid site, paclitaxel and
discodermolide, have been shown to synergise with each
other [44–46].

Conclusions

Persin has activity that is estrogen receptor-independent and is
active against cancer cells that have an MDR phenotype;
therefore, it has potential for treating refractory disease, an
area in which many chemotherapeutics are currently failing.
Evidence presented here suggests that persin binds to the
taxoid site on β-tubulin and, based on the activity of analog
1, may also have a secondary target in addition to the micro-
tubule. Further studies investigating the tubulin-binding site
interactions of persin, its possible secondary targets, and its
structure-activity relationships would benefit its further char-
acterization as a potential anticancer chemotherapeutic for use
on its own or in combination with other anticancer drugs.
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