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ARTICLE INFO ABSTRACT

Keywords: Paclitaxel (PTX), a widely used anticancer agent, is found in the inner bark of several Taxus species, although at
Calixarenes such low levels that its extraction is ecologically unsustainable. Biotechnological platforms based on Taxus sp.
Coronatine cell cultures offer an eco-friendlier approach to PTX production, with yields that can be improved by elicitation.
}?:leeift:iglr ession However, the also limited excretion of target compounds from the producer cells to the medium hampers their

extraction and purification. In this context, we studied the effect of treating T. media cell cultures with the elicitor
coronatine (COR) and calix[8]arenes (CAL), nanoparticles that can host lipophilic compounds within their
macrocyclic scaffold. The highest taxane production (103.5 mg.L™?), achieved after treatment with COR (1 pM)
and CAL (10 mg.L™!), was 15-fold greater than in the control, and PTX represented 82% of the total taxanes
analyzed. Expression levels of the flux-limiting PTX biosynthetic genes, BAPT and DBTNBT, increased after the
addition of COR, confirming its elicitor action, but not CAL. The CAL treatment significantly enhanced taxane
excretion, especially when production levels were increased by COR; 98% of the total taxanes were found in the
culture medium after COR + CAL treatment. By forming complexes with PTX, the nanoparticles facilitated its
excretion to the medium, and by protecting cells from PTX toxicity, its intra-and extra-cellular degradation may
have been avoided. The addition of COR and CAL to T. media cell cultures is therefore a bio-sustainable and
economically viable system to improve the yield of this important anticancer compound.

Taxane production
Taxus cell cultures

1. Introduction

The demand for therapeutic compounds of plant origin is growing
constantly, but their market availability is insufficient to cover clinical
needs, resulting in the over-exploitation of many plant species and
degradation of their natural habitats, which is being exacerbated by
climate change. There is therefore an urgent need to increase the supply
of these compounds and reduce production costs. Plant biofactories offer
a bio-sustainable and highly ecological alternative to plant cultivation in
the field (Choi et al., 2008). Using in vitro culture processes and genetic
engineering techniques, these systems have the potential to enhance the
production of plant bioactive compounds. However, their application
has had limited success to date, mainly because of incomplete

knowledge of plant secondary metabolism and its control in vitro (Cusido
et al., 2014).

Paclitaxel (PTX), also known by the commercial name taxol, is a
secondary metabolite synthesized by the yew tree, although in very low
quantities (0.002% dry weight) and is one of the most effective anti-
cancer drugs ever developed. As diterpene compound, PTX is synthe-
sized through 19 metabolic steps from geranylgeranyl diphosphate
(GGPP), which is cyclized by taxadiene synthase to taxadiene, the first
intermediate bearing the taxane skeleton (Suppl. Fig. 1). Subsequent
metabolic steps, involving several hydroxylases and acyl/aroyl trans-
ferases, an epoxidation and oxidation, lead to the formation of the PTX
precursor, baccatin III. After the attachment of a side chain derived from
p-phenylalanine at C13 OH of baccatin III and two further steps, the
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anticancer agent PTX is generated. While most of the taxane biosyn-
thetic pathway has been elucidated, and the genes encoding the
respective enzymes cloned, five steps are still without an assigned gene
(McElroy and Jennewein, 2018; Sanchez-Munoz et al., 2020) (Suppl.
Fig. 1).

The antineoplastic effect of PTX and its derivatives has been
demonstrated in various types of cancer and they are mainly used to
treat ovarian, breast and non-small cell lung cancer, among others. In
2017, this drug had already been administered to more than one million
patients, although its extreme hydrophobicity hampers its formulation
(Yang and Horwitz, 2017). It has also been studied for the treatment of
neurodegenerative diseases requiring microtubule stabilization, and
conditions characterized by cell proliferation and angiogenesis such as
psoriasis (Ehrlich et al., 2004). PTX has also been studied for its thera-
peutic effects in neurological disorders involving tau protein pathology
such as Alzheimer’s or Parkinson’s disease (Zhang et al., 2005).

As secondary metabolite yields in plant cell biofactories are generally
low, it is necessary to add elicitors to the culture medium (Ramir-
ez-Fstrada et al., 2016). The content of PTX and other taxanes of interest
in Taxus spp. cell suspensions was dramatically increased by elicitation
with coronatine (COR) (1 pM), a jasmonate analogue, supplied together
with randomly methylated p-cyclodextrins (CDs, 50 mM), which act as a
permeabilizing agent. COR clearly activated taxane biosynthesis and the
expression of several relevant genes, whereas CDs enhanced the excre-
tion of the produced taxanes to the liquid medium, which further
increased production (Sabater-Jara et al., 2014; Ramirez-Estrada et al.,
2015).

To maximize the yields of target compounds in plant cell cultures, a
high rate of excretion from the producer cells to the culture medium is
crucial. The inclusion of compounds in chemical structures such as CDs
reduces the inhibitory effect of accumulation and/or toxicity on
metabolite biosynthesis and offers protection from cellular and extra-
cellular degrading enzymes (Sabater-Jara et al., 2014; Almagro and
Pedreno, 2020)

Among the nanoparticles currently being explored in nanomedicine,
calixarenes (CAL) are of particular interest. These artificial macrocyclic
amphiphiles, which contain hydrophilic and lipophilic groups on
opposite rims of the macrocyclic scaffold, have the ability to self-
assemble. CAL are composed of phenolic units linked by methylene
groups at meta-positions, and they form a unique basket-like shape with
a hydrophobic cavity. Calix[n]arenes have variable conformations ac-
cording to the number of incorporated phenolic units (generally n = 4, 5,
6 and 8).

The ease with which CAL and analogues such as resorcinarenes can
be prepared, purified, and derivatized by the incorporation of various
groups at both the upper and lower rim has led to successful applica-
tions. Notably, appropriate modification can significantly enhance the
binding affinities between CAL and drugs of interest (Zheng et al., 2019).
Several studies have shown the importance of these macrocyclic struc-
tures as a new matrix for nanomedicine. By acting as drug carriers, they
increase drug stability and solubility and facilitate penetration through
cell membranes.

Zhao et al. (2018) showed that fluorescent 2,7-dimethoxy-substi-
tuted calix[4]carbazole is a highly efficient nanocarrier for the poorly
soluble and unstable anticancer drug curcumin. Chen et al. (2017)
studied the capacity of the phosphorylated calixarene POCA4C6 for
encapsulation and sustainable delivery of curcumin in mice with xeno-
grafted triple-negative breast cancer. An et al. (2019) synthesized 14
new dihomooxacalix[4]arene N heterocyclic derivatives that were used
to deliver PTX in selected tumour cell lines, demonstrating the effec-
tiveness of this system for cancer treatment. PTX delivery was success-
fully assayed by Mo et al. (2016) in p-phosphonated calix[4]arene
vesicles conjugated with folic acid against folate receptor-positive
SKOV-3 ovarian tumour cells. Renziehausen et al. (2019) showed that
delivering the chemotherapeutic agent themozolomide in a p-sulpho-
natocalix[4]arene nanocapsule significantly boosted its anticancer
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action in glioblastoma cell lines and in an intracranial U87 xenograft
mouse model. Zhao et al. (2015) found that calix[6]arene and calix[8]
arene have a PTX entrapment efficiency of 81.6% and 90.3%, respec-
tively, which suggests that calix[8]arene can load PTX into the inner
core more effectively than calix[6]arene.

Although the use of CAL as antibacterial and antiviral agents and
drug delivery systems has been studied, more insight is required into
their in vivo interactions and capacity to bind with animal or plant cell
membranes, and the underlying mechanisms (Ryzhkina et al., 2007;
Grare et al., 2010). Synthetic membrane channels based on CAL have
been developed, together with other chemical structures that permit
interaction with membrane components, either prokaryotic or eukary-
otic (Chen et al., 2018), but more research is needed before an effective
system to obtain selective transmembrane channels can be designed.

Considering the precedents outlined above, and taking advantage of
the physical properties of CAL, which can carry lipophilic compounds
such as PTX, the aim of this work was to study taxane production in
T. media cell cultures using an optimum culture media (Cusido et al.,
2002) elicited with COR (1 pM) and supplemented with the macrocyclic
nanoparticles calix[8]arenes (CAL) (10 mg.L’l). CAL were added to the
culture media with or without elicitation to study their effect on the
production and excretion of the target bioactive compounds. To shed
light on the relationship between gene expression and taxane produc-
tion, the expression pattern of several taxane biosynthetic genes was
also studied: TXS, involved in the first committed step of the pathway,
T70H, which controls an intermediate step, and BAPT and DBTNBT,
which mediate the last part of the pathway.

2. Material and methods
2.1. Plant material

A T. media cell line was established as previously described (Cusido
et al., 2002). It was grown and maintained in solid Gamborg’s B5 me-
dium (Gamborg et al., 1968) supplemented with sucrose (0.5%) and
fructose (0.5%), and growth regulators picloram (2 mg.L™1), kinetin
(0.1 mg.L.™1) and gibberellic acid (0.5 mg.L™1), pH 5.8. The cells were
cultured in growth medium at 25 °C in darkness, and subcultured
biweekly to obtain enough friable and vigorous calli to establish cell
suspension cultures.

2.2. Cell suspension cultures and elicitation

A two-stage culture was established as described by Cusido et al.
(2002) and Ramirez-Estrada et al. (2015). After culturing the T. media
cells in liquid growth medium for 15 days, they were transferred to a
production medium (PM), which consisted of Gamborg’s B5 liquid
medium (Gamborg et al., 1968) supplemented with 3% sucrose and
growth regulators 2.4-dichlorophenoxyacetic acid (2 mg.L™!), benzy-
laminopurine (0.1 mg.L™1), and gibberellic acid (0.5 mg.L™!), pH 5.8.
After 12 days in the liquid growth medium, 3 g of T. media cells were
transferred to a 200 ml flask containing 15 ml of PM. 10 mg.L ! of calix
[8]arenes (CAL) (Sigma Aldrich, St Louis, USA) and 1 pM of coronatine
(COR) (Sigma Aldrich, St Louis, USA) were added to the cell suspen-
sions, separately or together, at the beginning of the second phase of
culture. The CAL and COR concentrations used in this study were those
found to be the most effective at increasing taxane production without
seriously compromising growth in previous studies (data not shown).

2.3. Biomass accumulation and viability assay

Fresh weight was determined by filtering the cells with ILS filters.
The cells were freeze-dried to obtain the dry weight and perform the
taxane extraction. Cell viability was evaluated by fluorescein diacetate
and propidium iodide staining techniques as described by Exposito et al.
(2010). Samples were harvested after 0, 6, 12, 18 and 24 days of
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treatments.
2.4. Taxane determination

Taxanes were extracted from the culture media and the lyophilized
cells as previously described by Onrubia et al. (2013). HPLC analyses
were performed with a Water Acquity Ultra Performance LC system
(Waters, Milford, MA, USA). Taxanes were separated in a Discovery HS
F5-5 column 25 cm X 4.6 mm, 5 pm (Supelco, Bellefonte, PA, USA) using
a mixture of acetonitrile (A) and water (B) with the following gradient
(min/A%): 0/25, 38/60, 40/100, 45/25, and 55/25 and the flow rate 1
mL min~!. Identification criteria included retention time, UV spectra,
and co-chromatography, with the standard peak homogeneity deter-
mined by a photodiode array detector when spiked with an authentic
standard. Taxanes were quantified by integrating the corresponding
peak in the standard calibration curve of each target
compound.10-deacetylbaccatin III (DABIII), baccatin III (BACIII),
10-deacetyltaxol (DAT), cephalomaninne (CEPH) and paclitaxel (PTX)
were provided by Abcam (Cambridge, UK). Samples for taxane deter-
mination were taken at 0, 6, 12, 18 and 24 days.

2.5. Quantitative real-time PCR (qRT-PCR)

For gene expression analysis, total RNA was isolated from 100 mg of
frozen cells using the Real Plant RNA Kit (REAL, Valencia, Espana)
following the manufacturer’s instructions. The concentration of each
sample was determined using a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies Wilmington, DE, USA). cDNA was prepared
from 1 pg of RNA with SuperScript IV reverse transcriptase (Invitrogen,
CA, USA) and qRT-PCR was performed with SYBR Green (Biorad, Her-
cules, CA, USA) using gene-specific primers designed with Primer3
software version 0.4.0 (Suppl. Table 1), in a 384-well platform system
(LightCycler ® 480 Instrument, Roche, USA). Expression levels were
normalized to the levels of TBC41 (Vidal-Limon et al., 2018; Yanfang
et al., 2018), which was selected as a reference gene based on its GeN-
orm M-value and NormFinder stability value, previously obtained in a
comparative study (Sabater-Jara et al., 2014) of TBC41, maturase K and
18S rRNA genes. For each gene studied, the relative expression levels
were normalized with respect to the same cell line growing for 12 days
in the optimum medium for growth (GM) (Cusido et al., 2002) without
elicitation (reference value = 1). Samples for taxane gene expression
were taken at 0, 4, 8, 12, 24, 48 and 72 h.

2.6. Statistics

Statistical analysis was performed with Excel software. All data are
the average of three measurements + SD. The multifactorial ANOVA
analysis followed by the Turkey multiple comparison test was used for
statistical comparisons. A p-value of <0.05 (*), <0.005 (**), <0.001
(***) was assumed for significant differences.

3. Results

In this study, taxane production and the expression pattern of rele-
vant biosynthetic genes was assessed in T. media cell suspensions,
together with the growth pattern and cell viability. Cell cultures were
maintained in the optimum production medium, and the most efficient
elicitor (1 pM COR) for increasing taxane production was added at the
beginning of the experiment, alone or together with CAL (10 mg.L™1).
The effect of supplementing the cultures only with CAL was also studied.
The results obtained were compared with those of the control, that is,
the same cell line without an elicitor or CAL treatment.

3.1. Growth and viability of T. media cell suspension cultures

Two-phase suspension cell cultures of T. media were established
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(Cusido et al., 2002). In the second phase, cell cultures were maintained
for 24 days in the PM with or without 1 pM COR, 10 mg.L~! CAL or both
compounds combined (COR + CAL). Cell growth was measured by
determining the fresh and dry weight (g.L 1) of the cells at days 6, 12, 18
and 24 days in the different conditions assayed. As shown in Fig. 1, the
greatest increase in biomass was observed in the control cultures (57%
higher fresh weight at the end of the experiment versus the beginning),
although without significant differences compared to cultures treated
with CAL or COR + CAL. The COR-elicited cultures exhibited a different
growth pattern, the fresh weight increasing slightly from day 6-18,
decreasing thereafter until the end of the culture, when the fresh weight
was 1.3-fold lower than the control. Thus, the presence of COR in the
culture medium significantly (p < 0.001) reduced biomass accumulation
by approximately 30%. Notably, the results show that the presence of
CAL in the medium was positive for biomass formation, inhibiting the
negative effect of COR in the COR + CAL-treated cell cultures.

The dry weight values (Suppl. Fig. 2) corroborated the fresh weight
results, the highest corresponding to control cultures without significant
differences compared to the CAL- or CAL + COR-treated cultures. The
negative effect of COR on growth was also observed.

The viability of the control cell cultures, measured as the percentage
of living cells in relation to the total, remained high until day 6 (more
than 96%) (Suppl. Fig 3)), after which it decreased slightly until the end
of the experiment (87%). The addition of COR to the culture medium
induced a progressive reduction in cell viability (75% at day 24), which
would account for the parallel decrease in biomass accumulation. On the
other hand, in cultures treated with CAL or COR + CAL, the viability
decreased at day 6, but without a significant difference compared to the
control, due to the initial cell interaction with the treatments. The
similar viability of control and CAL-treated cultures suggests that CAL
did not interfere with the growth processes. Moreover, as cell viability
was considerably lower when COR was applied alone than with CAL, the
capacity of CAL to form inclusion complexes with taxanes seems to have
mitigated the toxic effect of the secondary metabolites on cell
metabolism.

3.2. Total taxane production

The total taxane contents in the T. media cell cultures (control,
supplemented with 1 pM COR, 10 mg.L " CAL or 1 pM COR + 10 mg.L !
CAL) were determined by UPLC throughout the experiment as the sum
of DABIII, BACIII, DAT, CEPH and PTX.

As shown in Fig. 2A, the highest taxane accumulation in all the
culture conditions was obtained at the end of the experiment at day 24.
This is the usual pattern of taxane biosynthesis/accumulation, which
mainly takes places after more than 2 weeks of culture (Vidal-Limon
et al., 2018).

As expected from previous studies (Onrubia et al., 2013; Ramir-
ez-Estrada et al., 2015; Vidal-Limon et al., 2018), COR elicitation
effectively increased taxane production, and the total taxane contents at
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Fig. 1. Growth of T. media cell cultures measured as fresh weight (g.L ™). In all
cases the inoculum was 30% (w/v). Data represent average values from three
separate experiments + SD. COR: 1 pM coronatine: CAL: 10 mg.L ™! calix[8]
arenes; C + C: 1 pM coronatine and 10 mg.L ! calix[8]arenes. A p-value of
<0.05 (*), <0.005 (**), <0.001 (***) was assumed for significant differences.
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Fig. 2. A) Total and individual taxane content (cell-associated + extracellular)
of a T. media cell line cultured for 24 days in a production medium. Data
represent average values from three separate experiments + SD. COR: 1 pM
coronatine: CAL: 10 mg L ™! calix[8]arenes; C + C: 1 uM coronatine and 10 mg
L' calix[8]arenes. A p-value of <0.05 (*), <0.005 (**), <0.001 (***) was
assumed for significant differences.

B) Taxane production (expressed as the percentage of extracellular and cell-
associated taxanes) in T. media cell suspension cultures elicited for 24 days in
a production medium. Each value is the mean of 3 determinations + SD. COR:
1 uM coronatine: CAL: 10 mg.L ™" calix[8]arenes; C + C: 1 uM coronatine and
10 mg.L’1 calix[8]arenes.
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the end of the experiment were more than 8-fold higher compared to the
control. The effect of CAL was also positive, although to a lesser extent,
its addition to the culture medium resulting in a 2.5-fold increase.

However, the addition of COR + CAL induced a highly significant (p
< 0.001) (more than 15-fold) enhancement of taxane contents (Fig. 2A).
It is worth noting that already at day 12, total taxane levels in COR +
CAL-treated cultures were significantly higher than in cultures where
the compounds were applied separately, indicating a synergistic action.

In this cell line, the producer cells readily excreted the taxanes to the
liquid medium (Fig. 2B). In control conditions, the excretion percentage
throughout the experiment ranged from 84% to 93%. Cell capacity for
taxane excretion is known to fluctuate along the culture period and
depends largely on the cell line and plant species (Navia-Osorio et al.,
2002).

The addition of CAL to the culture medium did not increase the total
taxane excretion, which was on average 3.8% lower compared to the
control (Fig. 2B). The effect of COR was unclear, with variable excretion
among samples during the experiment, although at the end the results
were similar to the control. However, the addition of COR + CAL
enhanced the excretion percentage throughout the experiment (ranging
from 89% to almost 98%) with an average increase of 4% over the
control (Fig. 2B). These results indicate that CAL have a positive effect
on taxane excretion when production is more active. By hosting taxanes
in their structure, the macrocyclic oligomers may facilitate their stability
and excretion.

3.3. Individual taxane production

The contents of 10-deacetylbaccatin III (DABIII), baccatin III
(BACIII), 10-deacetyltaxol (DAT), cephalomaninne (CEPH) and
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paclitaxel (PTX) in the T. media cell cultures were also determined
individually (Figs. 2A, 3, 5 and 6).

In control conditions, BIIl was more abundant than DABIII until day
12 (although never more than 2.2 mg.L™}), after which DABIII pre-
dominated, probably because BIII was metabolized into other taxanes
(Fig. 3). When production levels are very low, as in the control condi-
tions, BIII and DABIII are usually the main taxanes to accumulate (Nims
et al., 2006; Onrubia et al., 2013). When CAL was added to the culture
medium, DABIII and BIII levels at the end of the experiment increased 2-
and 4.5-fold, respectively, compared to the control, with a higher
accumulation of DABIII than BIIL. The strong elicitation effect of COR
was already observable at day 12, and at day 24, DABIII and BIII levels
were 2.5- and 8-fold higher, respectively, compared to the control. The
COR + CAL treatment also significantly enhanced (p < 0.001) the pro-
duction of both taxanes, especially DABIII (Fig. 3).

Among the studied genes, TXS (taxadiene synthase) and T70H
(taxane 7f hydroxylase) are the only two involved in the biosynthesis of
DABIII and BIII, neither of which bear the taxane side chain (Fig. 4).
Based on our previous studies, transcript accumulation was quantified
only until 72 h of elicitation, after which levels decrease (Exposito et al.,
2010; Onrubia et al., 2010).

A clear increase in the expression of the TXS gene was observed in the
elicited T. media cultures, reaching a maximum at 24 h, when the mRNA
accumulated in Cor- and COR + CAL-treated cultures was significantly
higher (p < 0.001; 20- and 30-fold higher, respectively, than in the
control (Fig. 4). The high transcript level of TXS suggests that the pre-
cursor taxa-4 (5), 11 (12)-diene was formed in sufficient quantity to
increase the production of the downstream taxanes studied. In CAL-
treated cultures, TXS expression at 24 h was the same as in the con-
trol, but at 12h it was triple the control value, an increase that could
explain the moderate enhancement of DABIII and BIII levels. Never-
theless, the TXS expression level at 12 h was 3- and 4-fold lower than in
COR- and COR + CAL-treated cultures, respectively.

The T70H gene was expressed most strongly in cultures treated with
COR at 8-24 h and COR + CAL at 4-24 h, declining thereafter, as ex-
pected based on previous work. Transcript levels were much lower in the
cultures treated only with CAL, although slightly higher compared to the
control (4 times higher than the control values) Although COR treatment
induced the maximum T7OH transcript accumulation, it was not as long-
lasting as the effect of COR + CAL (Fig. 4). A higher supply of precursors
due to this increased expression, maintained throughout the 72 h, could
explain the highest total taxane yield achieved by COR + CAL
elicitation.

The taxanes bearing a side chain attached at C13 of the taxane
skeleton studied here were CEPH, DAT and PTX (Figs. 5 and 6).

The production of CEPH in control cell suspensions was highest
(approximately 5-6 mg.L 1) at days 6 and 12 of culture. Its subsequent
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Fig. 3. Effect of coronatine and calix[8]arenes, administered separately and
together, on DABIII and BACIII production in T. media cell cultures grown for 24
days in a production medium. Each value is the mean of 3 determinations + SD.
COR: 1 pM coronatine: CAL: 10 mg.L ™! calix[8]arenes; C + C: 1 pM coronatine
and 10 rng.L’1 calix[8]arenes. A p-value of <0.05 (*), <0.005 (**), <0.001
(***) was assumed for significant differences.
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Fig. 5. Effect of coronatine and calix[8]arenes, administered separately and
together, on DAT and CEPH production in T. media cell cultures grown for 24
days in a production medium. Each value is the mean of 3 determinations =+ SD.
COR: 1 uM Coronatine: CAL: 10 mg.L ™! calix[8]arenes; C + C: 1 pM coronatine
and 10 mg.L’l calix[8]arenes. A p-value of <0.05 (*), <0.005 (**), <0.001
(***) was assumed for significant differences.
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Fig. 6. Effect of coronatine and calix[8]arenes, administered separately or
together, on paclitaxel production in T. media cell cultures grown for 24 days in
a production medium. Each value is the mean of 3 determinations + SD. COR:
1 uM coronatine: CAL: 10 mg.L ™" calix[8]arenes; C + C: 1 pM coronatine and
10 mg.L’1 calix[8]arenes. A p-value of <0.05 (*), <0.005 (**), <0.001 (***)
was assumed for significant differences.

decline until the end of the experiment at day 24 (0.5 mg.L™1) was
possibly due to rapid degradation or transformation. The addition of
CAL, and to a greater extent COR, enhanced CEPH accumulation until
day 12 (when values were 2.4 Ing.L_1 (COR), 2.1 mg.L_1 (CAL)), after
which a declining trend began. In contrast, a positive effect of COR +
CAL was observed only at days 6 and 24 (2.8 mg.L ! and 2.5 mg.L},
respectively) (Fig. 5).

The effectiveness of COR, as an elicitor, was apparent in its effect on
DAT levels, especially when applied with CAL. The highest amount of
DAT was observed at day 24 in the COR + CAL-treated cultures, when it
was significantly higher (P < 0.001; 37-fold) than the control value
(Fig. 5). DAT biosynthesis and metabolism has still not been fully
elucidated, so its role in PTX biosynthesis is not clear.

As habitual in unelicited Taxus cell cultures (Cusido et al., 2002; Kim
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1 uM coronatine and 10 mg.L ™! calix[8]arenes. A p-value of <0.05 (*), <0.005

et al.,, 2005), PTX levels in the control cultures remained very low
throughout the experiment, reaching a peak at day 18 (9.1 mg.L™%). The
addition of CAL to the medium had a slight positive effect on the PTX
yield, which was never more than 2.8-fold higher than in the control. In
contrast, COR had a rapid and strong impact on PTX production,
resulting in levels of 42.3 mg.L ™! at the end of the study, 12-fold higher
than the control (Fig. 6).

However, the highest PTX production was obtained when COR was
administered together with CAL. After 12 days of treatment, PTX levels
never dropped below 40 mg.L %, reaching 85 mg.L ™! at the end of the
experiment, a yield 23-fold higher than in the control. Notably, at day
12, PTX contents in the COR + CAL-treated cultures were higher than
the sum of yields achieved by the separate elicitation treatments, indi-
cating a synergic effect (Fig. 6).

While the TXS and T70H genes are involved in the biosynthesis of all
the studied taxanes, the BAPT and DBTNBT genes directly influence the
production of side chain-bearing DAT, CEPH and PTX, so their expres-
sion level was also studied (Fig. 7).

CAL had little impact on BAPT and DBTNBT gene expression, BAPT
showing a low peak at 12h (0.7-fold higher than in the control).
Consequently, these genes, which are active in the last elucidated steps
of the PTX pathway, were not responsible for the CAL-induced increase
in PTX yield. In contrast, their transcript levels were clearly enhanced by
COR + CAL: at 4 and 24 h after elicitation, the increase was 5- and 4.8-
fold for BAPT and 4.2- and 12.5-fold for DBTNBT, respectively (Fig. 7).
This increased expression probably accounts for the very high PTX
accumulation in the elicited T. media cell cultures.

An ABC gene was also studied (Suppl. Fig. 4). As described above,
CALs are macrocycles able to host hydrophobic compounds in their
cavities, thereby increasing their stability, solubility and cell membrane
transfer. ABC transporters play an important role in the removal of
secondary metabolites from the active cytoplasm, allowing them to
accumulate in locations where their toxicity does not interfere with cell
viability (Fornale et al., 2002; Sun et al., 2013).

As shown in Suppl.Fig. 4, the expression level of the ABC gene was
enhanced by the presence of CAL in the medium, especially after 4 and
72 h, when it was 2.2- and 2.6-fold higher than in the control. However,
elicitation with COR and COR + CAL had a far stronger effect, mainly at
4 h, 8 h and 24 h: the highest values were achieved at 4h when the
mRNA accumulation for the ABC gene had increased 5.2- and 3.7-fold,
respectively. In this case, no synergic effect between COR and CAL
was observed.

4. Discussion

The T. media cell line used in this experiment was maintained in a
two-stage culture (Cusido et al., 2002; Palazon et al., 2003) in which the
biomass obtained using a medium optimized for growth (30% fresh
weight/V) was transferred to an optimum medium for taxane produc-
tion, where different elicitation conditions were studied. Growth
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Fig. 7. Relative expression level of the BAPT gene and DBTNBT gene in T. media cell cultures elicited for 0, 4, 8, 12, 24, 48 and 72 h. Each value is the mean of 3
determinations + SD. COR: 1 uM coronatine: CAL: 10 mg.L~" calix[8]arenes; C 4+ C: 1 uM coronatine and 10 mg.L ! calix[8]arenes. A p-value of <0.05 (*), <0.005

(**), <0.001 (***) was assumed for significant differences.

continued in the PM, but at a much lower rate than in the first stage
(data not shown).

Growth of CAL-treated cells was very similar to the control. Studies
in animal cells have shown that C[n]As are able to pass through mem-
branes and accumulate in the cytosol (Renziehausen et al., 2019). Also,
simple clusters of C[n]As in an aqueous medium do not damage the
membrane integrity. Although they may have a depolarizing effect and
change the membrane permeability, the cell structure in the presence of
CAL was maintained (Ryzhkina et al., 2007).

The COR-induced enhancement of taxane production (above all PTX)
was accompanied by a dramatic decrease in growth, but not when co-
administered with CAL. Growth inhibition by elicitors, including COR,
has been observed previously (Onrubia et al., 2013; Sabater-Jara et al.,
2014; Ramirez-Estrada et al., 2015; Vidal-Limon et al., 2018). However,
the formation of a CAL-PTX complex may have allowed the cell meta-
bolism to remain active, thereby counteracting the negative effect of
COR on growth, which stayed similar to the control. Similar results were
found when Taxus spp cell cultures were treated with COR and CDs,
since COR reduced the growth capacity of both T. globosa and T. media
cell lines, but CDs apparently inhibited this adverse effect (Ramir-
ez-Estrada et al., 2015).

Likewise, CAL protected the cells from the negative impact of COR on
cell viability, which remained high throughout the COR + CAL treat-
ment. In previous studies, (Onrubia et al., 2013; Vidal-Limon et al.,
2018), we reported a clearly negative effect of COR on Taxus spp. cell
culture viability.

Total taxane production was increased by both COR and CAL when
applied separately; in the case of CAL, the increase was only slight, the
yield never exceeding 17 mg.L}. However, the production achieved by
the dual treatment (98 mg.L™!) was far higher than the sum of yields
induced by its separate components, indicating a synergic action.
Similar results were obtained when we studied the co-administration of
CDs with COR (Ramirez-Estrada et al., 2015) or CDs with methyl
jasmonate (Sabater-Jara et al., 2014), both in T. media cell cultures. In
the former study, the total taxane production when the two compounds
were supplied together was 4.4-fold higher (nearly 80 mg.L™!) than the
combined yield when they were added separately; in the second study it
was more than 2-fold higher (around 140 mg.L’l). Based on these re-
sults, it was inferred that the elicitors COR and methyl jasmonate
exerted a synergic effect with CDs. By sequestering the taxanes, the CDs
protected the cells from metabolite toxicity, and prevented PTX degra-
dation by cellular or extracellular enzymes (Sabater-Jara et al., 2014;
Ramirez-Estrada et al., 2015). The instability of PTX and related taxanes
has not been extensively studied, but their enzymatic degradation
and/or transformation is known to occur due to the presence of several
hydrolytically sensitive ester groups (Shimoda et al., 2008; Tian and
Stella, 2008; Exposito et al., 2010). It may be surmised that CAL could
act in a similar way to CDs, forming inclusion complexes with PXT and
inhibiting its degradation in the extracellular medium. Notably, whereas
CDs had to be supplied to the culture medium at a concentration of 50
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mM (65 g.L~1) to be effective, similar outcomes were obtained with only
10 mg.L~! of CAL, an important factor for reducing culture costs.

The toxicity of PTX for the producer cells has been shown repeatedly
(Kim et al., 2005; Exposito et al., 2010). Its separation from the cytosolic
metabolism in non-toxic complexes is therefore desirable, particularly in
a production system like the one established here, where PTX consti-
tuted 73% of the total studied taxanes in the COR-treated cultures, the
proportion increasing to 82% after the COR + CAL treatment.

To shed light on the effects of CAL at the gene transcription level, the
expression of some taxane biosynthetic genes was also determined in the
T. media cell cultures during the first 72 h of the different treatments. In
previous studies by our group (Exposito et al., 2010; Onrubia et al.,
2010), the transcript levels in Taxus spp cell cultures were found to
decrease after 72 h of elicitation. Similar results have been reported
elsewhere (Nims et al., 2006).

Among the five genes targeted in the present work, the TXS and
T70H genes are involved in the production of DABIII and BIII, two
taxanes without a side chain (Suppl. Fig. 1). Although the exact hy-
droxylation sequence has still not been determined, T7OH is known to
act before the formation of DABIII and BIII, as these two taxanes present
an OH group at C7 of the taxane skeleton. In the CAL-treated cultures,
TXS and T70H transcript levels were similar to the control, except that
peak expression was observed at 12h instead of 4h. At 12h of culture,
DABIII was more abundant than BIII, which could be due to the in-
efficiency of the DBAT enzyme (10-deacetyl baccatin III-10-O-
acetyltransferase), which transforms DABIII to BIII (Vongpaseuth and
Roberts, 2007), although the DBAT gene was not studied here. The
expression of TXS and T7OH genes was strongly enhanced by the
treatment with COR (20- and 30-fold, respectively) and especially COR
-+ CAL (600- and 500-fold, respectively), but this was not reflected in
DARBIII and BIII levels, which increased only slightly in the cells treated
with COR (2.5- and 2.7-fold, respectively) and COR + CAL (7.5- and
6.7-fold, respectively). These results indicate that neither TXS nor T7OH
are flux-limiting genes in taxane biosynthesis and their expression is
strongly induced by COR.

Likewise, Vongpaseuth and Roberts (2007), 6 h after adding the
elicitor methyl jasmonate (100 pM) to the culture medium, observed a
sustained increase in transcript levels of genes involved in the early steps
of PTX biosynthesis, namely, those encoding geranylgeranyl diphos-
phate synthase and TXS, which controls the first committed step of the
PTX pathway. Nims et al. (2006) also found that the maximum expres-
sion levels of the TXS gene and taxadiene synthase activity coincided at a
very early stage of elicitation, whereas the highest taxane accumulation
was reached at the end of the culture. This gap between the genetic
changes induced by the elicitors and the biosynthesis of the target tax-
anes shows that the product of the TXS-catalyzed reaction, taxa-4 (5), 11
(12)-diene, is not a limiting substrate in the taxane pathway.

Despite the slow kinetics of TXS in the biosynthetic process (Croteau
et al., 2006), the levels of taxadiene and other early intermediates
rapidly decreased in the cultures, suggesting they were converted in
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downstream reactions. Thus, although it is a key enzyme in taxane
biosynthesis, TXS is not rate-limiting, and other slow metabolic steps
may have responded to elicitation to form the target taxanes towards the
end of the culture period. In previous studies, the transcript accumula-
tion of the T7OH gene, which encodes one of the last hydroxylases in
DABIII formation, was clearly enhanced by elicitation with COR and
methyl jasmonate (Onrubia et al., 2013; Sabater-Jara et al., 2014) and
with perfluorodecalins together with COR and CDs (Vidal-Limon et al.,
2018). Additionally, the overexpression of the genes encoding T20H,
T130H was observed when T. media cell cultures were elicited with COR
and methyl jasmonate (Onrubia et al., 2013). The PTX biosynthetic
pathway includes nine hydroxylation steps, although only six hydroxy-
lases have been characterized to date. We recently identified a novel
hydroxylase (TB506) able to hydroxylate the C 2’ position of the PTX
side chain (2'C hydroxylase), one of the last metabolic steps in PTX
biosynthesis (Sanchez-Munoz et al., 2020). All the identified hydroxy-
lases of Taxus spp., including TB506 are cytochrome P450-dependent
enzymes with comparable mechanisms of action (Kaspera and Cro-
teau, 2006). This would explain the similarity of their strong response to
elicitation, which induces a high increase in the expression of their
encoding genes.

At the end of the PTX pathway, the last identified genes are BAPT and
DBTNBT. In the attachment of the side chain, taxane-C13-O-
phenylpropanoyl-CoA transferase (BAPT) catalyzes the initial esterifi-
cation of C13-OH with B-phenylalanoyl-CoA to give N-debenzoyl-2'-
deoxytaxol (Walker et al., 2002a). Hydroxylation of the side chain at the
2'C position by a 2'C hydroxylase enzyme (Sanchez-Munoz et al., 2020)
leads to the formation of 3'-N-debezoyltaxol, a direct precursor of PTX,
which undergoes benzoylation through the action of 3’-N-debezoyltax-
ol-N-benzoyl transferase (DBTNBT), the last enzyme in PTX biosynthesis
(Walker et al., 2002b).

Although the expression of BAPT and DBTNBT (Fig. 7) was signifi-
cantly enhanced by the COR and COR + CAL treatments, it was never
more than 5.1- and 15.7-fold higher than the control values. The very
high PTX production in the COR + CAL cultures was therefore not only a
direct consequence of BAPT and DBTNBT up-regulation. The accumu-
lation of CEPH, a taxane whose biosynthesis involves the BAPT gene,
was never higher than 3 mg.L™! in any of the elicited cultures, sug-
gesting a rapid conversion or low efficiency of tigloyl transferase, which
catalyzes the last step in CEPH biosynthesis and the tigloylation of the
side chain. More insight would be obtained by studying the expression
pattern of the genes involved in CEPH formation.

In previous studies (Sabater-Jara et al., 2014; Ramirez-Estrada et al.,
2015), we observed that PTX production increased dramatically when it
was excreted at a high rate to the culture medium after the addition of
CDs. These cyclic oligosaccharides, which have a hydrophilic external
surface and a hydrophobic central cavity, are able to form inclusion
complexes that can trap apolar compounds, thereby increasing their
solubility and facilitating their secretion from cells. Probably calixarenes
also act by forming complexes with PTX rather than as an elicitor. Unlike
the elicitor COR, they scarcely increased the expression of flux-limiting
genes involved in PTX formation.

To study the excretion of PTX, the predominant taxane in the cell
cultures, the expression level of an ABC transporter-encoding gene was
also determined. Although the ABC gene expression was higher in the
cultures treated only with COR, the COR + CAL treatment induced a
greater percentage of excretion. In the CAL-treated cultures, excretion
was lower because there was less PTX to transport. The results show that
as the production of PTX increased, so did its excretion from the cells to
the medium, due to the presence of CAL in the cell suspensions.

5. Conclusion
Taken together, the results of this study support that elicitors, in this

case COR (1 pM), are needed to improve taxane (mainly PTX) produc-
tion in T. media cell cultures. The addition of the macrocyclic
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nanoparticles CAL (10 mg.L™!) proved to be an effective strategy, not
only for significantly increasing PTX production but also for promoting
its excretion from the producer cells to the medium. Cells with a high
capacity for excreting bioactive products to the culture medium permit
continuous systems to be established at the bioreactor level without cell
biomass destruction. Moreover, the processes required for extracting
and purifying the compounds of interest are simpler, bio-sustainable and
economically more viable. To the best of our knowledge, this is the first
time that CAL have been used to develop a promising biotechnological
system for an eco-friendly and sustainable production of the anticancer
drug PTX.
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