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Abstract

Artemisinin is a sesquiterpene lactone coming from the traditional Chinese herb Artemisia annua
L. Artemisinin combination therapies (ACTSs) are the main recommended treatment for malaria.
Transcription factors regulation of artemisinin belong to different families including AP2/ERF,
bHLH, MYB and WRKY. Plant hormones jasmonic acid (JA), abscisic acid (ABA), salicylic acid
(SA) and gibberellins (GA) have been described as positively affecting artemisinin biosynthesis in
A. annua. Transporter and miRNA open up new possibilities for the biosynthesis of high value
artemisinin. We review recently major developments regarding regulator which play a center role

in artemisinin biosynthesis, and provide suggestion for further studies.

TEXT

Artemisinin is a sesquiterpene lactone which comes from glandular trichomes of the traditional
Chinese herb Artemisia annua L. Artemisinin combination therapies (ACTSs) are the main
recommended treatments for malaria by WHO. It can be used for the treatment of cancer, febrile
diseases, inhibition of Mycobacterium tuberculosis, and curing for diabetes also. There are many
people living in the areas with high risk of the malaria, unfortunately, and malaria brings about

over 430 000 child deaths in Africa every year. The price of artemisinin is too expensive for many
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people in South East Asia and Africa, so there is an urgent need to reduce the production costs for
the developing-world people. However, the content of artemisinin is low in planta (0.1-0.8%); the
increase of artemisinin content is very important for stabilizing supplies and satisfying projected
global demand. Many works have been done to increase the artemisinin supply, including
transgenic breeding high-yielding A. annua strains, yeast and tobacco metabolic. The engineering
chemical synthesis of artemisinin is not economically feasible because of its low yield and high
cost. The semisynthesis of artemisinin in yeast is expensive, making it uncompetitive with the

plant-based production and stable supplies the market.

To increase the content of artemisinin, many experimental works have been done. Even though a lot
of efforts toward increasing the artemisinin content have been made, there is still room for
improvement artemisinin. To improve the drug production and decrease its price, we included

studies of regulating artemisinin biosynthesis in A. annua in this mini-review.

Biosynthesis of Artemisinin
The biosynthetic pathway of artemisinin is clear today along with other pathways of terpene
metabolism in A. annua. Farnesyl diphosphate (FPP) is the direct substrate of artemisinin

biosynthesis. Under the catalysis of a series enzymes, such as amorphadiene synthase (ADS),
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cytochrome P450 (CYP71AV1), artemisinic aldehyde A11(13) reductase (DBR2) and aldehyde

dehydrogenase 1 (ALDH1), FPP can change into dihydroartemisinic acid (DHAA)Y? (Figure 1).

The overexpression of artemisinin biosynthetic pathway genes is very effective in increase the
artemisinin content. However, there are four enzymes (ADS, CYP71AV1, DBR2 and ALDH1) in
artemisinin biosynthetic pathway, and the rate-limiting enzyme is unknown. Previous study
indicated that the artemisinin content was determined by the chemotype (high-artemisinin
production and low-artemisinin production) of CYP71AV1. In fact, the highly active CYP71AV1
is decided by an amino acid residue (Ser479).® Feedback inhibition of artemisinin in A. annua
indicated that the mRNA level of CYP71AV1 was inhibited by artemisinic acid.” In the CYP71AV1
mutation plant, artemisinin was not detected.’ There is no doubt that CYP71AV1 is the
rate-limiting enzyme in the artemisinin biosynthetic pathway. Therefore, CYP71AV1 s a

necessary gene when overexpress the artemisinin biosynthetic pathway genes.

Many genes exhibited a trichome-specific activity in glandular trichomes or T shape trichomes.
ADS and DBR2 showed a trichome-specific activity in glandular trichomes, and CPS and ECS
showed a trichome-specific activity in T shape trichomes, CYP71AV1 and BFS exhibited a
trichome-specific activity both in glandular trichomes and T shape trichomes (Figure 1).5”

AaWRKY1 driven by CYP71AV1 promoter improved the transcription of CYP71AV1 much more
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effectively than the 35s promoter.® Therefore, trichome-specific promoters may be useful for

improving the artemisinin content.

Transcription Factors Regulation of Artemisinin

Since the transcription factors are important positive or negative regulators in the secondary
metabolism, it is a powerful tool for the modulation of compound production and the impact of flux
contribution through metabolic pathways in plants. AP2/ERF proteins contain an AP2
DNA-binding domain of approximately 60 amino acids and play important roles in the regulation
of the secondary metabolism. Previously, an AP2/ERF transcription factor ORAC?2 played key
roles in the terpenoid indole alkaloid biosynthesis.” Later, another AP2/ERF transcription factor
ORAC3 increased the expression level of several metabolite biosynthetic genes and enhanced
accumulation of terpenoid indole alkaloids in Catharanthus roseus.'® Several AP2/ERF
transcription factors in A. annua regulation of artemisinin have been found, including AaERF1,
AaERF2, AaORA and AaTAR.™** The bHLH transcription factors regulation of trichome
initiation and anthocyanin accumulation by interacting with MYB family proteins to form a
complex (bHLH-Myb-TTG1) have been reported in Arabidopsis. The bHLH transcription factors
AaMY C2 and AabHLH* can regulate the artemisinin in A. annua. In addition, a MYB
transcription factor AaMYBL1 connects GA signaling with the artemisinin biosynthesis in A.

annua.’® WRKY transcription factors function as key regulators of disease resistance.!” There are
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two WRKY (AaWRKY1 and AaGSW1) transcription factors playing important roles in modulating
artemisinin content.*®® A bZIP transcription factor AabZIP1 and a NAC (NAM, ATAF and CUC)
transcription factor AaNAC1 have been found to enhance the artemisinin content.?>* Recently, a
home-domain-leucine zipper (HD-ZIP) IV transcription factor AaHD1 has been found to promote
the A. annua glandular trichome initiation.? It is expected that the transcription factor can be
combined with a more rational design of metabolic engineering approaches for improving the

artemisinin content.

Transporter Regulation of Artemisinin

Plants produce a lot of secondary metabolites and these secondary compounds can be accumulated
in a temporal and spatial manner in the plants special organs, such as in trichomes. The
ATP-binding cassette (ABC) transporters are involved in the transport of secondary metabolites,
such as alkaloids, phenol, terpenoids, and wax.? Previously, a transporter TolC played an
important role in amorphadiene efflux in E. coli. Therefore, the overexpression of tolC+ macAB
(ABC family transporters) or emrAB or emrKY (MFS family transporters), the concentration of
amorphadiene was found to be enhanced by more than threefolds.* Recently, an ABC transporter
AaPDR2 from A. annua was found to enhance the accumulation of DHAA and AA in the apoplast of
N. benthamiana leaves.? The transporters open up new possibilities for the biosynthesis of high

value terpenes in plants or in heterologous expression systems.
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MiRNA

Plant microRNAs (miRNAs) are usually 21-24 nucleotide (nt) noncoding RNAs in length, which
play important regulatory roles in development, secondary metabolism, flowering, seed size,
biomass, and involve in modulating the juvenile-to-adult phase transition and so on. MiR156 is an
important miRNA in plants. Previous studies have shown that miR156 negatively regulates the
anthocyanin accumulation by directly preventing the expression level of SPL9, which can bind to
the promoter region of dihydroflavonol reductase DFR.?® Recent study indicated that the
miR156-SPL module can modulate the (E)-B-caryophyllene concentration by regulating the
MRNA level of the sesquiterpene synthase gene TPS21. In addition, the miR156-SPL module can
regulate the sesquiterpenes patchoulol by increasing patchoulol synthase (PatPTS) gene
expression.?” Therefore, the model of miRNA-TFs are highly conserved in plants and it can be used

in enhancing the sesquiterpene artemisinin production.

Phytohormones and Other Signaling Molecules

Plant hormones jasmonic acid (JA), abscisic acid (ABA), salicylic acid (SA) and gibberellins (GA)
have been described to positively affect artemisinin biosynthesis in A. annua. JA can activate some
transcription factors, which modulate the artemisinin content by directly bound to the promoter of

the artemisinin biosynthetic pathway genes.'® Also, JA can increase the trichome density and
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decrease the feedback inhibition of artemisinin in A. annua.'® Another important hormone ABA
which can activate transcription factor AaBZIP1, directly regulate the accumulation of
artemisinin.?! SA is an important plant signal involved in defense. It enhances the expression level
of ADS and increases the AN, AA, and DHAA content.”® However, the mechanism of SA
modulation of artemisinin content is unknown and needs to be studied. GA causes the increase of
the transcript levels of FDS, ADS and CYP71AV1 and positively affects the trichome proliferation,

elevating the accumulation of artemisinin in A. annua.

Different plant hormones play the same roles in the regulation of the secondary metabolism. Therefore,
there are hormones crosstalk in modulating the same phenomenon. Understanding the mechanism
of hormones or crosstalk between hormones regulation artemisinin may lead to innovative
strategies being devised for molecular genetic modification to improve artemisinin to a great
extent. Not only plant hormones, other exogenous factors, such as cold, drought, sugars, salinity,
ultraviolet and active oxygen species (AOS)? also play positive roles in the artemisinin

biosynthesis.

Concluding Remarks
Although the transcription factors, key enzymes, plant hormones, miRNA, transporter, plant

hormones and exogenous factors (Figure 2) can positively or negatively regulate the expression of
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artemisinin biosynthetic pathway genes and effect on artemisinin content, further studies are

needed to increase knowledge on networks of these regulators that modulating artemisinin.
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Figure Legends

Figure 1

Artemisinin biosynthetic pathway in A. annua. Enzymes in red have been cloned from A.
annua.

There are two kinds of trichomes in A. annua, containing glandular trichomes and T-shape
trichomes. Artemisinin biosynthetic pathway genes are mainly expressed in the glandular
trichomes. Artemisinin branch pathway genes are mainly expressed in the T-shape trichomes. GAS
has the same expression patterns with artemisinin biosynthetic pathway genes may expressed at the
glandular trichomes. FPP is the intermediate product at the branch point of terpenoid metabolism

and then is transformed into amorpha-4,11-diene and artemisinin.
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Figure 2

Signaling of network of plant hormones, transcription factors, transporter and miRNAs
that modulate artemisinin biosynthesis in A. annua.

SCF, Skip/Cullin/F-box; NPR, non-expresser of PR genes; GID1, GA-insensitive dwarf mutant 1;

PP2C, protein phosphatase 2C; PYR/PYL/RCAR: pyrabactin resistant/pyrabactin

resistant-like/regulatory component of ABA receptor.

cytosol
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