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Verticillins are epipolythiodioxopiperazine (ETP) alkaloids, many of which possess potent, nanomolar-level
cytotoxicity against a variety of cancer cell lines. Over the last decade, their in vivo activity and mode of
action have been explored in detail. Notably, recent studies have indicated that these compounds may
be selective inhibitors of histone methyltransferases (HMTases) that alter the epigenome and modify
targets that play a crucial role in apoptosis, altering immune cell recognition, and generating reactive
oxygen species. Verticillin A (1) was the first of 27 analogues reported from fungal cultures since 1970.
Subsequent genome sequencing identified the biosynthetic gene cluster responsible for producing
verticillins, allowing a putative pathway to be proposed. Further, molecular sequencing played a pivotal
role in clarifying the taxonomic characterization of verticillin-producing fungi, suggesting that most
producing strains belong to the genus Clonostachys (i.e., Bionectria), Bionectriaceae. Recent studies
have explored the total synthesis of these molecules and the generation of analogues via both
semisynthetic and precursor-directed biosynthetic approaches. In addition, nanoparticles have been
Received 27th December 2023 used to deliver these molecules, which, like many natural products, possess challenging solubility

profiles. This review summarizes over 50 years of chemical and biological research on this class of fungal
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1. Introduction

The structural diversity of fungal metabolites, often coupled
with potent biological activity, makes them an attractive source
for drug discovery."™ The discovery and development of peni-
cillin, perhaps the world's most well-known fungal metabolite,’
was honored with the Nobel Prize in Physiology or Medicine in
1945.° As such, it is probably not surprising that a great deal of
research in this vein, particularly during the antibiotics revo-
lution,”® focused on fungi as a source of anti-infective agents.**®
More recently, researchers have shown growing interest in
investigating fungal metabolites for anticancer purposes,"
although to date, no FDA-approved anticancer drugs have been
derived from fungi.” The fungal kingdom is hyper diverse, and
various sources estimate 1.5 to 2.5 to 5.1 million species.”*™*
The exact number may never be known, and regardless, only
about 155 000 ** are taxonomically described in the literature. Of
these, it is likely that even fewer have been studied for bioactive
secondary metabolites,'® making fungi an under-investigated
reservoir of pharmaceutical leads."”*>"”

With over 15 years of research on cytotoxic fungal metabo-
lites,*®' representing the evaluation of several thousand fungi
and the isolation and elucidation of >700 fungal metabolites,
the verticillins represent an area of emphasis for our team,
including scaled production,* analogue development,*** drug
delivery,*** and in vitro and in vivo evaluation against a range of
cancer models.>”** While several reviews have been published
on specific aspects of the epipolythiodioxopiperazine (ETP)
alkaloids,* as a structural class, none of these have focused
on the verticillins. Given that research on these compounds
now spans over 50 years, a comprehensive summary was timely,
particularly with the growing number of publications on
members of this class over the last decade.>*337¢

2. Structure, biosynthesis, and fungal
origin of verticillins

Epipolythiodioxopiperazine (ETPs) alkaloids are a class of
fungal secondary metabolites®"*” characterized by the presence
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of a polysulfur bridge on the dioxopiperazine moiety. These can
be subdivided into 14 groups according to structural charac-
teristics,*® and of those, only three are dimeric, specifically
verticillins, chaetocins, and leptosins (Fig. 1). The main differ-
ence between these is that chaetocins have methyl alcohol
groups on both R and R?, while leptosins contain at least one
isopropyl side chain. For verticillins, the substituents at R* and
R’ vary, ranging from CH;, CH;CHOH, CH;CH,, CH,OH, and/
or acetyl, and their substitution can be either identical or
non-identical, leading to both symmetric and asymmetric
dimers. Admittedly, an argument could be made that verti-
cillins, chaetocins, and leptosins could be lumped into a single
grouping. However, for the purposes of this review, we kept
them separate, thus focusing on those fungal metabolites that
we felt were most closely related structurally to verticillin A (1).
Chemotaxonomic studies support this, as the fungi producing
these three compound classes are distinct, allowing compound
classification to be correlated with their fungal origin. Verti-
cillins are mostly biosynthesized by fungi in the genera Clo-
nostachys, Gliocladium, Penicillium, and Verticillium (Table 1);
however, the taxonomic identity of these may need reexamina-
tion (as detailed in Sections 3 and 4). Alternatively, chaetocins
and leptosins are biosynthesized by Chaetomium sp. and Lep-
tosphaeria sp., respectively.*

The pairs of five membered rings in verticillins are cis-fused,
and the hydroxy groups at the 11 and 11’ positions add stability
to the molecule by forming a hydrogen-bonding network.
Indeed, Liu et al.*® reported the crystal structure of verticillin A
(1), demonstrating that the O-H---O interactions between
molecules facilitated the packing of crystals. Most verticillins
are ether and methanol insoluble and precipitate as an off-
white/yellow powder. The semisynthetic acetate analogues,
with the location unspecified in verticillin A acetate* or
a triacetate analogue of verticillin D,* are reported to have
increased aqueous solubility. The structural diversity observed
with the dimeric ETP alkaloids stems from differences in the
biosynthetic gene clusters used to create these groups. While
tryptophan (Trp) is a key unit in all verticillins, alanine (Ala),
serine (Ser), or threonine (Thr) are believed to be the other

Chaetocins

Verticillins

Leptosins

Fig.1 The basic structure of dimeric epipolythiodioxopiperazine (ETP) alkaloids, illustrating their biosynthetic origins. The color coding is used to
illustrate the building blocks of these molecules. In red is tryptophan (Trp), common to all three dimeric structural classes. For verticillins, the
“blue” substituents dictate the appendages at C-3 and C-3'. Unlike chaetocins and leptosins, the constituents at these positions vary and are
typically derived from alanine (Ala), threonine (Thr), and in some rare cases, serine (Ser). The N-methylation, common to all three classes, likely
derives from S-adenosylmethionine. For chaetocins and leptosins, biosynthesis often uses Ser (purple) and/or Val (green). Moreover, in these two
classes, the sulfur bridge is often greater than two atoms (n = 2—4), whereas in the verticillins, the bridge is typically, but not always, a disulfide.*

1328 | Nat. Prod. Rep., 2024, 41, 1327-1345 This journal is © The Royal Society of Chemistry 2024
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Table 1 Chronological data, including year discovered, molecular formula, and fungal source, for the 27 verticillin analogues

Compound Year Molecular formula Molecular weight (Da) Fungus

Verticillin A (1)**°* 1970 C30H25N¢06S4 696.83 Verticillium sp.”
Verticillin B (2)°? 1973 C30H,5N05S, 712.83 Verticillium sp.”
Verticillin C (3)* 1973 C30H,5NgO,Ss 744.89 Verticillium sp.®

Sch 52900 (4)** 1995 C3,H30Ng05S, 726.86 Gliocladium sp.

Sch 52901 (5)** 1995 C31H30Ng06S4 710.86 Gliocladium sp.
Verticillin D (6)*° 1999 C3,H3,Ng0gS, 756.88 Gliocladium catenulatum
Verticillin E (7)*° 1999 C3,H,5NgOgS, 752.85 Gliocladium catenulatum
Verticillin F (8)*° 1999 C3,H30NgO0gS, 754.87 Gliocladium catenulatum
11'-Deoxyverticillin A (9)°® 1999 C30H2N05S,4 680.83 Penicillium sp.
11,11'-Dideoxyverticillin A (10)** 1999 C30H25N60,S, 664.83 Penicillium sp.
Gliocladin A (11)° 2004 C,4H,,N,05S, 480.60 Gliocladium sp.
Gliocladin B (12)°¢ 2004 C,4H,,N,0,S, 464.60 Gliocladium sp.
Gliocladin C (13)°° 2004 Cy,H16N,O; 384.40 Gliocladium sp.
Gliocladine A (14)*” 2005 C30H25NgO06S5 728.89 Gliocladium roseum”
Gliocladine B (15)*” 2005 C30H25N06S6 760.95 Gliocladium roseum”
Gliocladine C (16)*” 2005 C13H,0N,05S, 464.56 Gliocladium roseum”
Gliocladine D (17)*’ 2005 Cy3H20N,0,S; 496.62 Gliocladium roseum”
Gliocladine E (18)*’ 2005 Cp3H,0N,055, 528.68 Gliocladium roseum”
Bionectin A (19)°® 2006 CyH1gN,O5S, 450.53 Bionectria byssicola’
Bionectin B (20)*® 2006 Cp4H,,N,0,S, 494.58 Bionectria byssicola“
Bionectin C (21)°® 2006 Cy4H,,N,05S, 480.60 Bionectria byssicola®
Glioclatine (22)*° 2006 Cy3H20N,0,S, 448.56 Gliocladium roseum”
Verticillin G (23)*° 2007 C30H,5Ng05S4 712.83 Bionectria byssicola®
Gliocladicillin A (24)°* 2009 C31H30Ng05S, 694.86 Gliocladium sp.
Gliocladicillin B (25)%* 2009 C31H30Ng04S, 678.86 Gliocladium sp.
Gliocladicillin C (26)%* 2009 C3,H3,Ns05S, 740.88 Gliocladium sp.
Verticillin H (27)*° 2012 C3,H;3,N606S, 724.88 Bionectria sp.©

“ Recent studies have suggested that the taxonomic identity of this fungus may be different from Verticillium.®>** ® The name of this fungus has been
changed to Clonostachys rosea.*** © Based on the current rules of fungal nomenclature,’>* it is more appropriate to refer to fungi in the genus

Bionectria as Clonostachys.***

building blocks used in the non-ribosomal peptide synthases
(NRPS) for the biosynthesis of these fungal metabolites (see
Section 5).%*

3. Discovery

The first verticillin was reported in 1970 by Minato and
colleagues* of the Shionogi Research Laboratory from the
fungus Verticillium sp. (Table 1), which was isolated from the
basidiocarp (i.e., fruiting body) of a mushroom identified as
Coltricia cinnamomea. This implies that the fungus was myco-
parasitic or fungicolous (i.e., growing on another fungus). A pale
yellow, ether-insoluble substance was obtained after a series of
extractions followed by purification via crystallization from
pyridine/acetone. This compound was analyzed using IR, MS,
and 'H-NMR, but its structure could not be elucidated
completely. During this initial report, the compound was
confirmed to contain both disulfide-bridged dioxopiperazine
and di-indolyl moieties, and the trivial name verticillin A (1;
Fig. 3) was ascribed to this compound of molecular formula
C30H5N606S4.*° A year later, the structure and absolute
configuration of verticillin A (1) were proposed from chemical
and physicochemical experiments (particularly CD),** along
with comparisons to the structurally related chaetocin (Fig. 1),
which was characterized previously by chemical methods and X-

This journal is © The Royal Society of Chemistry 2024

ray crystallography.®> Members of the Shionogi research team
continued working on metabolites from this fungus, further
refining the absolute configuration of verticillin A and reporting
both verticillin B (2) and verticillin C (3) in 1973 (Fig. 2).**

No other analogues were reported for >20 years until Sch
52900 (4) and Sch 52901 (5) were disclosed by Schering-Plough
(Fig. 2);>* while these trivial names may be confusing, they were
based on the first three letters of the institute and a sequential
serial number, a common practice at that time. Compounds 4
and 5 were isolated from a Gliocladium sp., and their structures
were characterized by spectral methods and comparisons to the
data for 1, including the use of UV, IR, MS, and 'H- and
3C-NMR data.* In a separate study about sclerotium survival in
soil, reported in 1999, a related species, G. catenulatum,** was
investigated after noticing that damage was caused by this
mycoparasite to its host. To do so, this fungus was isolated from
Aspergillus flavus sclerotia, which had been buried by the
research group for two years in a cornfield,* and after culturing
and extracting, three new verticillins [verticillin D (6), verticillin
E (7) and verticillin F (8)] were identified. In the same year,
another team, who focused on exploring marine sources for
fungal metabolites, isolated a Penicillium sp. from Caribbean
green algae, Avrainvillea longicaulis. The cytotoxic extract was
purified to yield 11’-deoxyverticillin A (9) and 11,11'-dideox-
yverticillin A (10), which were both characterized by spectral

Nat. Prod. Rep., 2024, 41, 1327-1345 | 1329
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Fig. 2 Structures of verticillin analogues (2—27) discovered after A (1)
as of June 2023 listed in chronological order and the biosynthetically
related ETP alkaloid, gliotoxin (28). Note, while gliocladin A (11)*¢ and
bionectin C (21)*® appear to have the same structure, they were re-
ported in two separate publications with slightly different NMR data.

methods.* It could be argued that 10 is an outlier in the verti-
cillin group, since it differs from verticillin A (1) by the absence
of the hydroxy groups, technically classifying it to both
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verticillin and chaetocin groups (Fig. 1).>* However, due to the
total synthesis of 10 (see Section 6), we consider it a key member
of the verticillin structural class.

Gliocladin A (11), gliocladin B (12), and gliocladin C (13) were
reported in 2004 from a Gliocladium sp. isolated from a marine
environment.*® The disulfide bridge, which is a key determinant
in most other analogues, has been reduced (with both sulfurs
methylated) in 11 and 12, and while the sulfurs are absent in 13,
it is the only isolated verticillin analogue with a trioxopiperazine
moiety (Fig. 2). One year later, five new verticillin analogues
[gliocladine A (14), gliocladine B (15), gliocladine C (16), glio-
cladine D (17), and gliocladine E (18)] were reported from
submerged wood collected from fresh water G. roseum® (=C.
rosea).®* Notably, 14 and 17 have three sulfurs in the bridge
across the dioxopiperazine moiety, while 15 and 18 possess four
sulfur atoms. Bionectin A (19), bionectin B (20), and bionectin C
(21) were isolated from Bionectria byssicola (=Clonostachys
byssicola)®* by Zheng et al.*® in the course of a project screening
microbial sources for antibacterial leads. It appears that glio-
cladin A (11)*¢ and bionectin C (21)*® were published with
identical structures; however, since there are slight differences
between their reported NMR data, further studies are war-
ranted. Bionectin A (19) and B (20) are structurally related to
gliocladine C (16), D (17) and E (18), as all of these are missing
a dioxopiperazine ring, making them monomeric ETPs, which
are rare compared to the dimers or pseudo-dimers observed
with most verticillins. However, we believe that these mono-
meric analogues still belong to the verticillin group (Fig. 1),
since they are observed in fungi that produce the more typical
verticillins. In addition, it is believed that all of these
compounds are biosynthesized via similar pathways.***>7°

To close out the list of 27 verticillin analogues, glioclatine
(22) was isolated from G. roseum (=C. rosea)** grown on wheat
medium,* and verticillin G (23) was reported from Bionectra
byssicola®® (=Clonostachys byssicola).** In a study targeting
compounds with anticancer activities, Chen et al.** isolated and
characterized the structures of two new dimeric ETPs from
a Gliocladium sp., specifically gliocladicillin A (24) and gliocla-
dicillin B (25).** Gliocladicillin C (26) was isolated by the same
research group, but was only published in a Chinese patent.®
Finally, Figueroa et al.*® isolated verticillin H (27), along with six
other verticillins (1, 4-5, 9, 24, and 26), after a bioactivity-
directed fractionation of extracts of solid phase cultures of
Bionectria sp. (=Clonostachys sp.).** All 27 verticillin analogues
reported through June 2023 have been summarized, including
both the structures (Fig. 2) and the source organisms (Table 1).

Insights: There are three aspects of the structures of verti-
cillins that are important to clarify. First, their structures are
often drawn in two different ways, as shown for verticillin A (1;
Fig. 3). It was suggested to us by a colleague” that the version on
the left is more correct, as it defines the absolute configuration
of positions 10b and 10b’ in a non-ambiguous manner. Alter-
natively, the center representation of the molecule has the dash
between these two asymmetric centers, and even ChemDraw
will warn that this makes the configuration of those positions
ambiguous. Minato and colleagues, in their third and final
manuscript on the verticillins,* also drew 1 as shown on the

This journal is © The Royal Society of Chemistry 2024
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Verticillin A (1)

Fig. 3 Various structural drawings of verticillin A (1). Verticillin A (1) can be represented several different ways. The representation shown in the
middle is seen widely in literature and was how Minato and colleagues first presented the molecule >* However, the dash line between the two
halves of the molecule (i.e., 10b to 10b’) is problematic, as it is connecting two asymmetric centers. Alternatively, the drawing of the molecule on
the left displays the same information (i.e. 3S, 5aR, 10bS, 115, 11aS, 3'S, 5a'R, 100’S, 11'S, 11a’S) in a non-ambiguous manner. Interestingly, Minato
and colleagues subsequently drew 1 as shown on the right,>® where they defined the absolute configuration via circular dichroism; these

assignments were confirmed via X-ray crystallography in 2006.4®

right side of Fig. 3, as they were able to propose its absolute
configuration based on CD data. Those assignments were
confirmed via X-ray crystallography in 2006, establishing the
configuration of 1 as 3S, 5aR, 10bS, 115, 11aS8, 3'S, 5a'R, 10b'S,
11'S, 11a’S. For those with a deep interest in the structure of
verticillins, we encourage their examination in three dimen-
sions (e.g., see graphical abstract). The elongated bond between
10b and 10b’, while convenient for drawing purposes, does not
allow one to see how tightly woven those complex ring systems
are. Moreover, in two dimensions, it appears that the disulfide
bridges are on the same face of the molecule, but in three
dimensions, it is apparent that they are anti to each other.
Additionally, there is some ambiguity in the literature as to
how to number the positions of the atoms throughout the
structure of verticillins. For many of the analogues, including 1,
the molecule is symmetrical, and thus, the numbering of the
top half vs. the bottom half does not matter. However, there are
several analogues where there is a difference between those two
halves. When the first two asymmetric analogues (2 and 3) were
described by Minato and colleagues,* they did not propose
a numbering scheme (likely because they were not assigning
NMR spectroscopic data in 1973). However, when Sch 52900 (4)
and Sch 52901 (5) were described in 1995, those authors
assigned the NMR data to distinct positions, and in doing so,
they used the prime designation (i.e., 10b’) for the half of the
molecule that was different from verticillin A (1). For example,
in 5, one half of the molecule has a methyl at the 3-position (i.e.,
identical to 1), whereas, the other half has an ethyl at the 3'-
position. Other scientists have taken a different approach,
where the half of the molecule that has the greatest number of
atoms is numbered first.>> There are likely pros and cons to both

approaches.
Finally, when describing the disulfide-bridged piperazine
moiety, the terms dioxopiperazine (or

This journal is © The Royal Society of Chemistry 2024

epipolythiodioxopiperazine) and diketopiperazine (or epi-
polythiodiketopiperazine) seem to be used interchangeably. In
fact, in the seminal publications by Minato and colleagues, all
of which focused on verticillin A (1), they used the term dike-
topiperazine® in their first report and dioxopiperazine®-** in the
latter two. Looking through modern literature, both terms are
used interchangeably, although within the biosynthesis
community, the term diketopiperazine is probably used more
frequently. In discussing this with a colleague who is a journal
editor,” we believe that dioxopiperazine is technically more
apropos, as the ‘dioxo’ essentially states that there are two
carbonyls attached to the piperazine ring. Obviously, diketo
basically implies the same designation, but the confusion is
that it also implies ketone carbonyls, whereas the resulting
carbonyls are amides. Regardless, both terms are well
entrenched in the literature, and it is probably best to simply
recognize this fact. Throughout this review, we utilize the terms
epipolythiodioxopiperazine or dioxopiperazine.

4. Clarification of fungal taxonomy of
strains producing verticillin analogues

It is common practice to ascribe a trivial name to compounds
based on the generic or specific epithet of the producing
organism. However, this can cause some confusion, especially if
the taxonomy of the organism changes or the fungus was mis-
identified due to morphological similarities with other fungi.
Such changes could lead to some confusion in the nomencla-
ture of fungal cultures and the resulting secondary metabolites,
especially when looking back over 50 years of research and prior
to the use of molecular sequence data (i.e. DNA barcoding).”
For example, the mycoparasitic fungus, Gliocladium roseum, has
been transferred (i.e., renamed) to Clonostachys rosea, due to
differences in the type species of Gliocladium, G. penicillioides,

Nat. Prod. Rep., 2024, 41, 1327-1345 | 1331
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in morphology, ecology, sexual state, and molecular sequence
data.®*** As such, it is likely that previous reports of the isolation
of verticillin analogues from Gliocladium roseum or Gliocladium
spp. should really refer to the genus Clonostachys. This was
confirmed recently by identifying and characterizing the
biosynthetic gene cluster (ver) for biosynthesis of verticillin via
genome sequencing, knock out studies, and chemical analysis
using an isolate of Clonostachys rogersoniana.****

As summarized in Table 1, it is apparent that the first three
verticillins (i.e., compounds 1-3) were the only ones isolated
from Verticillium sp.****** A 2011 study by Dirk et al.® investi-
gated the genes that were known to be responsible for the
biosynthesis of verticillin-type compounds. Interestingly, their
study was performed on V. dahliae, and the authors were unable
to detect any genes responsible for the biosynthesis of verti-
cillins. In addition, extraction of a culture of Verticillium sp. also
did not yield any verticillins, which led to uncertainties about
the ability of this fungal genus to be a producer of these
compounds. The authors suggested that the original isolation
of verticillin A (1)* was from a different genus, the identity of
which may have been obfuscated; we concur with their expla-
nation. The ability of Clonostachys sp., the fungus which bio-
synthesizes most of the verticillins, to be a mycoparasite of
Verticillium® suggests the possibility that the original fungal
culture reported in the 1970 paper*® was misidentified as Ver-
ticillium sp. This is especially true since genera such as Clo-
nostachys, Gliocladium, and Verticillium all have a “verticillate”
arrangement of phialides, which means that they are formed in
a whorl and have been referred to as Verticillium-like
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anamorphs (Fig. 4).”* In our laboratory, we have identified
several different strains that biosynthesize verticillins,
including Clonostachys spp. and C. rogersoniana® using molec-
ular sequence data.”

Finally, there are reports of verticillins being isolated from
Bionectria byssicola®® and Bionectria sp.,” the latter of which was
published by some of the authors of this review. The use of the
name Bionectria is being phased out due to the adoption of One
Fungus = One Name,*** in accord with recent rules for pleo-
morphic fungi in the International Code of Nomenclature for
Algae, Fungi, and Plants.” For pleomorphic names (i.e., where
a fungus has a distinct sexual vs. asexual state) in the family
Bionectriaceae, Rossman et al.®® proposed the use of the asexual
morph (Clonostachys), since it was described first, rather than
the sexual morph (Bionectria). Thus, going forward, it is more
appropriate to term such fungi as being in the genus Clonos-
tachys (Bionectriaceae).

Insights: The use of trivial names for compounds, which are
often derived from the taxonomic nomenclature of the
organism, can be problematic and lead to confusion in the
literature. As noted by others,”®”” this may be particularly true
for microbial products. The various names of the verticillin
analogues (Table 1 and Fig. 2) are a glaring illustration of this.
While it might be tempting to rename some of these into
a consistent format, there is not really a means to do so.
Moreover, since most of the pharmacological literature (see
Sections 7 and 8) is based on studies of verticillin A (1), it is
prudent to keep its trivial name intact.

Fig. 4 Two microscopic images of the phialides of Clonostachys rogersoniana (strain MSX59553). This fungus biosynthesizes the following
verticillins: verticillin A (1), Sch 52900 (4), Sch 52901 (5), verticillin D (6), 11'-deoxyverticillin A (9), gliocladicillin C (26), and verticillin H (27).2° The
morphology of the phialides (which have a ‘flask shape’) are characteristic to species of the Clonostachys, Gliocladium, and Verticillium and can
cause confusion for non-experts. As such, it is conceivable that fungi used in previous natural products chemistry studies that led to the isolation
of some of the analogues shown in Fig. 2 and Table 1, many of which were identified based on morphology, were misidentified. Scale bars = (A)

10 pm and (B) 20 um.
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5. Biosynthesis

The earliest, seminal research on the ETP alkaloids using
labeling experiments demonstrated their assembly from amino
acids,”®” and that the formation of the dioxopiperazine (i.e.,
diketopiperazine) ring occurs during the early stages of the
biosynthetic process. In contrast, feeding experiments of sulfur
atoms showed incorporation from different sources (e.g
methionine, cysteine or sodium sulfate), suggesting those were
incorporated later.* These results indicate that verticillins, as
with other groups of ETP alkaloids, are biosynthesized via
a non-ribosomal peptide synthetase (NRPS).***!

The feeding studies were validated with the recent
discovery® of the biosynthetic gene cluster responsible for
producing 11’-deoxyverticillin A (9). Previous work identified
that an NRPS was responsible for assembling the key dioxopi-
perazine intermediate in the biosynthesis of chaetocin,® an ETP
structurally related to the verticillins (Fig. 1). Primers based on
this NRPS were screened against a genomic fosmid library of the
11'-deoxyverticillin A (9) producer Clonostachys rogersoniana,
and a putative biosynthetic gene cluster was identified. This was
validated when the NRPS (verP) was knocked out and 11'-
deoxyverticillin A (9) production was abolished.** Closer exam-
ination of the nearby genes (Fig. 5A) revealed striking parallels
to the biosynthetic gene cluster of gliotoxin (28), an iconic
monomeric ETP. The gliotoxin biosynthetic pathway has been
thoroughly investigated for many years,”****° making it the
prototype for this class of fungal metabolites. Using these

verA verT verlL verM verN verl verC
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results from gliotoxin, it is possible to develop a reasonable
hypothesis for the production of the verticillins (Fig. 5B).
Importantly, the following proposal is simply based on analogy
to gliotoxin and has not been validated. The 11'-deoxyverticillin
A (9) pathway is anticipated to begin with VerP, an NRPS that
catalyzes the condensation of L-Trp and r-Ala to form the diox-
opiperazine skeleton. This is likely followed by bis-hydroxyl-
ation catalyzed by the cytochrome P450 (CYP450)
monooxygenase VerC. The glutathione-S-transferase VerG can
then catalyze the addition of two glutathione moieties, from
which the sulfur observed in the verticillins is derived. It is
anticipated that VerG catalyzes the nucleophilic attack of the
non-enzymatically dehydrated product of the VerC reaction.?
The two glutathiones are proposed to be processed and trim-
med by a series of three enzymes: a cyclo-y-glutamyl-
cyclotransferase (VerK), a dipeptidase (Ver]), and a pyridoxal
5’-phosphate (PLP)-dependent C-S bond lyase (VerlI).

At this point, the obvious similarities to gliotoxin end. Unlike
gliotoxin (28), the verticillins are dimeric ETPs and require
different biosynthetic steps. In gliotoxin (28), a CYP450 (GIiF)
was shown to catalyze N-heterocyclization, possibly through an
epoxide intermediate, to form a pyrrolidine ring.*® In the verti-
cillin cluster, the two remaining CYP450s in the pathway, VerL
and VerB, do not have clear sequence similarity to GliF. More-
over, GIiF installs a hydroxy group as part of its cyclization
mechanism. Several verticillin family members, such as 11'-
deoxyverticillin A (6), lack hydroxy groups at this position.
Therefore, a different biosynthetic route is likely. One

verP verK verJ verG verZ verB
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> pead =) m

1 kbp
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Fig. 5

(A) Biosynthetic gene cluster for 11'-deoxyverticillin A (9) from C. rogersoniana. (B) Proposed biosynthetic pathway for verticillin A (1)

based on knowledge from gliotoxin. (C) Possible route for the late stage verticillin A (1) biosynthetic steps.
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possibility is found in the dimerization of dioxopiperazines in
both bacteria and fungi. It has been shown that in those cases,
a CYP450 both cyclizes the indole to form the pyrroloindoline
ring and joins two monomers together to form the dimeric
scaffold.”** If this route is operational in verticillin biosyn-
thesis, one of the two remaining CYP450s, VerB or VerL, could
fulfill this role (Fig. 5C). The remaining CYP450 may serve as
a monooxygenase and hydroxylate the C11 and/or C11’ posi-
tions. An N-methyltransferase, possibly VerN, is also required,
which could function on the monomers either prior to or after
dimerization. Finally, the free thiols need to be oxidized to the
disulfide, either before or after dimerization. VerT is expected to
catalyze this reaction, but the timing is not clear.

Enzyme reconstitution has not been completed for the ver
cluster; however, thorough knockout studies of the proposed
genes support this biosynthetic route.*® Specifically, disrup-
tion of verP, verT, verL, verM, verN, verl, ver], verG, and verB all
abolished 11’-deoxyverticillin A (6) production in C. roger-
soniana. Knockout of verK lowered production of 11’- deoxy-
verticillin A (6) significantly, suggesting it is not completely
essential. Finally, the disruption of verA lowered the observed
levels of 11’-deoxyverticillin A (6), which is consistent with its
anticipated role as an ABC transporter to export verticillin
from the cell. Recently an ETP-like cluster from the verticillin
D (6) producer, C. rosea, was identified that closely matched
the ver cluster,” further supporting this biosynthetic
hypothesis.

Insights: Gene knockouts have firmly established the gene
cluster responsible for the biosynthesis of 11’-deoxyverticillin A
(6) in C. rogersoniana. While in vitro enzyme reconstitution has
not been accomplished for any of the proposed enzymes, their
similarity to the biosynthetic enzymes of gliotoxin (28) allows
for a portion of the biosynthetic route to be proposed. However,
the later stages of the biosynthesis, such as the dimerization
and hydroxylation, are unclear and will deviate from the glio-
toxin pathway. Ultimately, further studies are needed to uncover
the dimerization process in ETPs. Additionally, one would
predict that a better understanding of verticillin biosynthesis
could lead to heterologous expression, a feat that has not been
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completed to date, both to generate analogues and ameliorate
supply from the native host.

6. Synthesis and semisynthesis

The densely functionalized dimeric/pseudo-dimeric bis-pyrro-
loindoline epipolythiodioxopiperazine scaffolds of the verti-
cillins make them attractive targets for chemical synthesis.
From that perspective, however, their C10b-C10b’ vicinal
quaternary centers, bicyclic disulfide bridges, and C11/C11’
hydroxy groups pose unique synthetic challenges. Several
methods for the preparation of the core ring system of these
compounds, the tricyclic pyrroloindoline system also found in
numerous other natural products, including the chimonan-
thines, calycanthidines, and folicanthines, have previously been
reported and reviewed.®® Most notably, the elegant work of
Overman and coworkers demonstrated the enantioselective
construction of the vicinal quaternary centers of the bis-pyrro-
loindoline system using a cascade Heck cyclization strategy.’”**
Subsequently, Overman also reported the synthesis of (+)-glio-
cladin C (13), representing the first total synthesis of a member
of the verticillin class, by employing a key asymmetric
Mukaiyama aldol reaction to establish the stereocenter of the
central bis-pyrroloindoline system.”” As mentioned previously,
this compound possesses a unique, fused trioxopiperazine ring
rather than the more commonly observed dioxopiperazine ring.
It also lacks the disulfide bridge and the second dioxopiper-
azine moiety seen in other members of the verticillin class.
The synthesis of the first prototypical verticillin compound
was reported in 2009 by Movassaghi.® His synthesis of (+)-11,11’-
dideoxyverticillin A (16), possessing both the disulfide bridge and
bis-pyrroloindoline core, set the precedent for C10b-C10b’ bond
formation between the vicinal quaternary centers via a biomi-
metic reductive radical dimerization (Scheme 1). Utilizing
a similar strategy, Movassaghi'® and Sodeoka'®* separately re-
ported the synthesis of (+)-chaetocin the following year. The
installation of the disulfide bridge in each of these syntheses
hinged on the generation of a similar oxidized dioxopiperazine
intermediate accessed either pre- (Sodeoka) or post- (Movassaghi)

Br
Movassaghi
R=H . (2009)% NN R® Knowles
11,11"-Dideoxyverticillin A (10) R’1 R ‘R2 (2018)117
1e A Xia (2018)"18 _
reduction
)
)
g
R3 3
NN B
R' H R? Xia (2015)'8 3
B Ishikawa 3
Sodeoka '1 e_ (2002)"5 R3
R = OH (2010)101 oxidation 2013)1°
N 3
Chaetocin Movassaghi R Nakagawa (1978)"'
(2010)100 HN l NHR? Scott (1964)'13

Scheme 1
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Conceptual strategies for formation of bis-pyrroloindoline containing compounds via (A) reductive or (B) oxidative transformations.
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Scheme 2 Total synthesis of (+)-bionectins A (19) and C (21) by Coste et al.*** Conditions: (a) TiCl(OEt)s, NEtsz, CH,Clp, 0 °C, 81% (58% desired
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TFA, CH,Cl,, 23 °C; AcOH, morpholine, t-BuOH, 80 °C, 97%; (f) Br,, MeCN, 0 °C; anisole, 94%, 9:1 dr; (g) DMAP, THF, 23 °C, 74%; (h) AgBF,,
DTBMP, EtNO,, 0 °C, 68%; (i) 6 N HCL, THF, 80 °C, 58%; (j) Boc,O, DMAP, CH,Cl,, 23 °C, 92%; (k) Py,AgMnO,4, CH,Cly, 23 °C, 45%; () NaBH,,
MeOH, —20 °C, 75%; (m) PivCl, DMAP, CH,Cl,, 23 °C, 83%; (n) 4-mercapto-2-butanone, TFA, MeNO,, 80%, 3:1 dr; (o) 350 nm, 1,4-dime-
thoxynaphthalene, L-ascorbic acid, sodium r-ascorbate, H,O, MeCN, 25 °C, 56%; (p) pyrrolidine, EtSH, THF, 23 °C; Kls, Py, CH,Cl,, 81%; (q)

NaBHa4, Mel, Py, MeOH, 0 °C, 97%.

reductive radical dimerization. These strategies, along with other
methods for the introduction of the disulfide bridges onto
dioxopiperazines, have been reviewed elsewhere.'*%

While access to 11,11'-dihydroxy containing bis-pyrro-
loindoline ETP natural products has yet to be established via
chemical synthesis, the Movassaghi lab has reported the
synthesis of the monomeric pyrroloindolines (+)-bionectin A
(19) and (+)-bionectin C (21) (Scheme 2), which employed an
intramolecular Friedel-Crafts reaction to introduce the indole
ring at the C3-position of the bis-pyrroloindoline system (step h,
Scheme 2). This approach also took advantage of their stream-
lined access to erythro-B-hydroxy-L-Trp as a precursor.'® Their
gram-scale synthesis of this precursor may serve as a stepping
stone towards achieving the synthesis of the bis-pyrroloindoline
natural products. Additional syntheses of related structures,
including (+)-gliocladin B (12) and (+)-gliocladin C (13)'* have

This journal is © The Royal Society of Chemistry 2024

also been reported and reviewed'® by Movassaghi. More
recently, their lab has extended their synthetic efforts via
generation of ETP scaffolds containing appended azide moie-
ties that can be utilized for the synthesis of chemical probes
through conjugation reactions.'*

In addition to the total synthesis of members of this class,
precursor-directed biosynthesis and semisynthesis experiments
have also been explored to generate structural analogues
(Fig. 6). This approach is of note for the more complex dimeric
members of the class. For example, the Oberlies group has
demonstrated that fluorinated derivatives of Sch 52901 (5),
verticillin A (1), and verticillin H (27) can be generated at the C9
(and C9') positions resulting in mono- and di-fluorinated
analogues.” This was accomplished via incorporation of 5-F-
pL-Trp during a 28 day fermentation process, producing a ratio
of non-, mono-, and di-fluorinated products of approximately

Nat. Prod. Rep., 2024, 41, 1327-1345 | 1335
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Fig. 6 Examples of biosynthetic?? and semisynthetic® generation of verticillin analogues.

200:20:1. Importantly, in most cases, the fluorinated
analogues were equipotent to what was observed with the
parent molecules.”

Semisynthesis has largely been limited to the introduction of
acetyl groups during the isolation and structural elucidation of
the verticillins and related natural products.*®*"**'*7"1% In many
of these cases, these natural products possessed hydroxy groups
at not only the C11/C11’ positions, but also at C13/C13’ (i.e.,
compound 6 in Fig. 2). Notably, treatment of compounds of this
type with excess acetic anhydride resulted in the formation of
triacetylated, rather than tetraacetylated products. This result
was explained for verticillin D (6)* as resulting from a “confor-
mational bias” of the C11/C11’ positions that would only permit
reaction with one of these “centrally” located alcohol moieties.
This bias was confirmed in later semi-synthetic studies by
Oberlies and Fuchs,> who synthesized a series of ester,
carbonate, carbamate, and sulfonate analogues of verticillin A
(1) and verticillin H (27; Fig. 6). This latter study was unique in
that it was both facilitated by a media study to increase verti-
cillin production (i.e., 10 mg of 1 per 10 g oatmeal fungal
culture)* to generate the quantities of the natural products
required for this type of work and demonstrated that func-
tionalization with a wide range of groups at the C11 position did
not appreciably impact their activity against a variety of cancer
cell lines. However, a key point is that high biological activity
(with the exception of autophagy''®) correlated to the presence
of a disulfide bridge across C-3/C-11a, and it was possible to
carry out these reactions while keeping that bridge intact.
Indeed, removal of the sulfur atoms or reduction of the sulfur
bridge diminished/abolished the activity of verticillins.****
These observations are critically important, as modifications to
the structure likely need to preserve the disulfide bridge.

Insights: The total synthesis of molecules in this class ach-
ieved by Overman, Movassaghi, and Sodeoka demonstrate
impressive creativity and problem-solving to establish the
complex architecture and substitution patterns found in these
natural products. These syntheses benefit in large part from
methodology developed for the construction of the broader
class of tryptamine-derived bis-pyrrolidinoindoline natural
products™? like chimonanthine. While they have not yet been
specifically utilized for members of the verticillin class,

1336 | Nat. Prod. Rep., 2024, 41, 1327-1345

numerous other methods, including oxidative radical coupling
strategies (Scheme 1B),"***** have been developed for the rapid
construction of the pyrroloindoline ring systems and installa-
tion of the key C10b-C10b’ vicinal quaternary centers from
readily available starting materials. More recently, methods
have also been described that provide enantioselective access to
these tricyclic systems,****" including molecules like (+)-WIN
64821 and (—)-ditryptophenaline that also possess fused diox-
opiperazine rings, but lack the sulfur bridges found in the
verticillins. One of the major synthetic challenges remaining is
the synthesis of dimeric verticillin derivatives containing C11
and C11" hydroxy groups. This means that the total synthesis of
verticillin A (1), the prototypical molecule of this class, has not
yet been realized. In addition, scalability of the more complex
natural products and their analogues for therapeutic develop-
ment has not yet been demonstrated, although the Movassaghi
lab reported the production of several of the monomeric azide
probes on 100-200 mg scale.'® In addition to total synthesis,
other strategies that promote analogue development and
subsequent biological studies, including precursor feeding and
semisynthesis, could provide a path toward pharmaceutical
development of the verticillins. To do so will require more
innovations in the scaled production of verticillins, possibly on
the industrial scale. Clearly, there is additional room for
compound development in this area, including structure-
activity relationship studies and potential drug formulation, so
as to advance these compounds into the clinic.

/. Pharmacology part 1: anticancer
properties and mechanisms of action
of verticillins

The potent biological activities of the verticillins, especially with
respect to tumor cell death regulation (i.e., cytotoxicity), has
certainly driven the interest in this class of compounds over the
decades. More recently, a series of studies has explored their
biological activity in more detail. With respect to in-depth
mechanistic studies and in vivo tumor efficacy studies, most
of the research has focused on verticillin A (1), presenting
opportunities for further research on it and other analogues.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summary of in vivo studies examining the effect of verticillin A (1) in various cancers

Cancer type Xenograft Dosing regimen Ref.
Ovarian cancer (OVCARS-RFP) Intraperitoneal Intraperitoneal injection twice weekly for 4 weeks 30
Verticillin A (0.25 mg kg™ body weight)
Verticillin D (0.25 mg kg~ body weight)
Ovarian cancer (OVCARS-RFP) Intraperitoneal Intraperitoneal injection every 2 days for 14 days 23
0.5 mg kg of verticillin A encapsulated
nanoparticles (eNP-VA)
Pancreatic cancer (PANC02-H7, UN-KC-6141) Orthotopic Every 2 days for 10 days 123

Soft tissue sarcoma: malignant peripheral Sub-cutaneous

nerve sheath tumor (MPNST) (MPNST724)

Colon carcinoma (SW620-5FU-R) Sub-cutaneous

Colon carcinoma (HepG2, SW620) Sub-cutaneous

7.1. Animal models

The very first manuscript on the verticillins included biological
evaluation of verticillin A acetate, since, as the authors stated, it
was more soluble than verticillin A (1) in water.*® Verticillin A
acetate demonstrated cytotoxicity against HeLa cells (EDs, 0.2
pg mL™") and was found to have anti-tumor effects in vivo
against Ehrlich ascites tumor, a spontaneous murine mammary
adenocarcinoma. For the latter, they found that a dose of 1 mg
per kg per day had the best balance of efficacy without toxicity to
the animals.” Interestingly, this dose, determined in 1970, is
fairly close to what has been used in many of the subsequent
studies (Table 2).

In recent years, target identification studies have shown that
verticillin A (1) is a histone methyltransferase (HMTase) inhib-
itor with selective activity towards G9a, GLP, SUV39H1,
SUV39H2, MLL1, and NSD2 methyltransferases (Fig. 7).>**” The
highest selectivity of verticillin A (1) was observed against G9a,
SUV39H1 and SUV39H2 methyltransferases with ICs, values of
0.54, 0.57, and 0.48 pM, respectively. Paschall et al.*® discerned
the selective role of verticillin A (1) in inhibiting histone H3
lysine 9 (H3K9) trimethylation (H3K9me3) by inhibiting
SUV39H1 and SUV39H2 enzyme activity. H3K9me3 was shown
to be responsible for Fas transcription silencing, which results
in a loss of its expression in human colon carcinoma cells.>***°
Treatment with verticillin A (1) showed a decrease in H3K9me3
deposition levels in the FAS promoter region with an increase of
histone H3 lysine 9 acetylation (H3K9ac), which indicates active
transcriptional chromatin, thereby enabling Fas expression.*®
The ligand of Fas (i.e., Fas-L), present on the surface of cytotoxic
T lymphocytes (CTL) when bound to Fas, initiates an immu-
nological reaction that leads to apoptosis.”**** Modification of
H3K9me3 deposition by verticillin A (1) can impact gene
expression, and, in certain cancer types, one of the targets is the
re-expression of Fas that increases tumor cell sensitivity to CTL
FasL-induced cytotoxicity, resulting in tumor growth
suppression.*®

This journal is © The Royal Society of Chemistry 2024

0.5 mg kg~ body weight

Intraperitoneal injection every other day 27
(1) 0.25 mg kg~ * body weight

(2) 0.5 mg kg~ ! body weight

Intravenous injection on days 5, 7, 9, 11 and 13 28
1 mg kg™ body weight

Intravenous injection every 2 days for 14 days 25
HepG2 tumor: 1 mg kg~ ' and 2 mg kg™ " body

weight

SW620 tumor: 0.125 mg kg~ ' body weight

7.2. Verticillin A (1) and colon cancer

Verticillin A (1) showed in vivo efficacy in overcoming metastatic
colon carcinoma resistance to 5-fluorouracil (5-FU),*® which is
the standard treatment for this type of cancer. The size and
weight of tumors decreased significantly when the mice were
treated with a combination of verticillin A (1) and 5-FU
compared to groups that received individual treatments.
Investigating the role of verticillin A (1) in sensitizing the cancer
cells to 5-FU revealed that the mechanism of apoptosis induc-
tion was facilitated by the combination of FAS expression and 5-
FU (Fig. 7). Additionally, an important outcome of this study
resulted from analysis of murine liver enzymes, which indicated
that verticillin A (1) has minimal liver toxicity at a dose of 1 mg
kg~ ' body weight when injected every other day over 10 days.?®
Interestingly, this is similar to the dose used by Minato and
colleagues® in 1970, but delivering the dose every other day, as
performed by Paschall et al.,”® may be important for titrating
liver toxicity.

7.3. Verticillin A (1) and pancreatic cancer

In pancreatic cancer cell lines PANC02-H7 and UN-KC-6141,
H3K4me3 levels were found to be significantly higher at the
promoter of CD274, the gene that encodes PD-L1, compared to
non-cancerous cells.” MLL1 was found to be the HMTase
responsible for the higher levels of H3K4me3. Silencing the
MLL1 gene in both human and mouse pancreatic cancer cells
resulted in a decrease of H3K4me3 at the CD274 promoter
region and a decrease of PD-L1 expressed by tumor cells, which
indicated that it was the HMTase that was key to modifying
H3K4me3 in pancreatic tumor cell models (Fig. 7). Since verti-
cillin A (1) is a HMTase inhibitor, it was demonstrated to inhibit
MLL1 activity with an ICs, of 0.8 pM."** Subsequently, verticillin
A (1) caused a decrease of H3K4me3 levels, due to MLL1 inhi-
bition, in a dose dependent manner in vitro. In both PANC02-H7
and UN-KC-6141 pancreatic tumors, PD-L1 was found to be
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(A) In colon cancer, verticillin A (1) inhibits H3K9me3 levels via selective inhibition of HMTases, specifically G9a, SUV39H1 and SUV39H2,

leading to restoration of Fas expression. This, in turn, leads to suppression of immune evasion and overcoming chemoresistance to 5-fluorouracil
(5-FU). (B) In pancreatic cancer, verticillin A (1) inhibits MLL1, resulting in a decrease of H3K4me3 levels, consistent with a decrease of expression
of PD-L1, and activates the immune response against tumor cells. (C) Verticillin A (1) causes global methylation and acetylation histone modi-
fications in ovarian cancer, which generates oxidative stress mediated DNA damage and apoptosis.

expressed in significantly higher levels in vivo; likewise, over
50% of tumor-infiltrating CD8" cytotoxic T lymphocytes (CTLs)
were PD-L1". Therefore, immunotherapy that mitigates PD/PD-
L1 activity should be effective, but in most large clinical trials,
pancreatic cancer has a poor response to anti-PD-L1/PD-L1
immunotherapy.’® Interestingly, combined treatment of verti-
cillin A (1) and anti-PD-L1 exhibited the most significant growth
suppression as compared to the individual treatments,
approaching tumor eradication.” The mechanism for such an
effective treatment was due to verticillin A (1) acting as an
HMTase inhibitor of MLL1 and thereby epigenetically repres-
sing PD-L1 expression on the tumor cells. The additive effect of
combining the two drugs indicates the important role of verti-
cillin A (1) in increasing the efficacy of the anti-PD-L1 therapy by
decreasing the target transcriptionally and also by regulating
gene expression in the cancer cell to augment apoptosis.'*
Following up on this study, the same group found that verti-
cillin A (1) sensitized pancreatic ductal adenocarcinoma (PDAC)
cells to gemcitabine.* Mechanistically, verticillin A (1) caused
epigenetic modification in apoptosis regulating genes, in this
case a new set that was different from FAS seen in colon cancer,
by altering H3K9me3 and H3K4me3 levels. Chromatin immu-
noprecipitation (ChIP) revealed that verticillin A (1) caused
dysregulation of apoptotic genes by decreasing H3K9me3 levels
at the BAK1, BAX, and BCL2L11 promoter regions and H3K4me3
level at BCL2L1, MCL-1, and CFLAR promoter region in PDAC
cells.* These studies collectively demonstrate that combining
epigenetic modifiers, such as verticillin A (1), with immune
checkpoint blockade immunotherapies can be an effective
approach to reduce pancreatic tumor growth.>***?
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7.4. Verticillins and ovarian cancer

Research conducted by Salvi et al.>* showed that verticillin A (1)
has nM-level cytotoxicity against several high-grade serous
ovarian cancer (HGSOC) cell lines. This is important because it
expanded the tumor types for which verticillins have shown
efficacy both in vitro and in vivo. Furthermore, verticillin A (1)
induced oxidative stress and DNA damage, causing apoptosis in
HGSOC cell lines OVCAR4 and OVCARS. Consistent with the
aforementioned studies, verticillin A (1) caused epigenetic
modifications with global changes in histone methylation and
acetylation marks, but the change in oxidative stress occurred
rapidly (i.e., in a few hours) and likely preceded these gene
changes (Fig. 7). When verticillin A (1) was encapsulated in
expansile nanoparticles (eNPs),'* its potent cytotoxicity was
maintained, the tumor burden was reduced in vivo, DNA
damage and apoptosis occurred (which was consistent with the
invitro data), and hepatotoxicity (a side effect of verticillin A (1))
was not observed.”® These studies helped to demonstrate that
oxidative stress, along with epigenetic modification, was
important for cell death and that encapsulation in an expansile
nanoparticle could target the drug after i.p. delivery, both
retaining efficacy while reducing liver toxicity.

More recently, Kaweesa et al.** compared the in vitro and in
vivo cytotoxicity of verticillin A (1) and verticillin D (6). The
authors found that both compounds exhibited cytotoxicity and
induced apoptosis in HGSOC cell lines OVCAR4 and OVCARS at
nanomolar concentrations. The authors performed formulation
studies to monitor bioavailability and achieve tolerable drug
delivery for future pharmacokinetic studies. Both verticillin A
(1) and verticillin D (6) reduced tumor burden in OVCARS

This journal is © The Royal Society of Chemistry 2024
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xenografts at the same dose as was previously tested. Using this
optimized formulation, verticillin dosing strategies that are
effective in vivo were expanded from expansile nanoparticles to
the use of improved formulations that likely increase solubility.
Unfortunately, verticillin D (6) exhibited significant liver toxicity
in mice,* and as such, it may require additional formulation
development. However, this was the first in vivo study to explore
analogues of verticillin A (1), and this seems to be an area where
further investigations are warranted.

7.5. Verticillin A (1) and liver cancer and soft tissue sarcoma

Liu et al® revealed that verticillin A (1) inhibited HepG2
(human liver carcinoma) tumor cell growth by inducing
apoptosis in vitro and inhibited in vivo tumor growth at a dose of
2 mg kg™" body weight in a murine model. In addition to
HepG2, verticillin A (1) showed high potency in vitro against
multiple types of cancer cells (Bcap-37, MCF-7, HeLa, SMMC-
7721, SPC-A1, and Jurkat) with concentrations in the nano-
molar range. It has also been demonstrated that verticillin A (1)
is an apoptosis sensitizer for different types of tumors resistant
to TRAIL, a potent anticancer agent in vitro and in vivo. This
study emphasized the importance of verticillin A (1) as a highly
potent anti-cancer agent and a strong adjuvant to overcome
drug resistance in cancer treatment.> It was also the first study
to suggest the idea of using verticillin A (1) in a combination
therapy, emphasizing that epigenetic reprogramming, which re-
expresses or silences targets that possibly drive resistance,
provides an opportunity to increase the efficacy of already
approved chemotherapies in combinations.

In a study on soft tissue sarcoma (STS),?” which is known to
be therapeutically challenging due to genetic and histological
heterogeneity, verticillin A (1) showed potential in inhibiting
malignant peripheral nerve sheath tumor (MPNST) and leio-
myosarcoma (LMS) growth by inducing apoptosis, a finding that
was consistent with the work of Liu et al.*® noted above. In vitro
experiments demonstrated that verticillin A (1) inhibited colony
formation in STS cells, while inducing apoptosis. Mice xeno-
grafted with MPNST724 revealed tumor growth inhibition and
significant reduction of tumor volumes and weights when
treated with verticillin A (1) at a dose of 0.25 or 0.50 mg kg™~ ' of
body weight.”

Insights: In addition to exploring the in vivo efficacy of ver-
ticillin A (1), all the above studies were mechanistic in their
approach and identified verticillin A (1) as an epigenetic
modifier in various tumor models (Fig. 7). In general, most
studies examine verticillin A (1) at a dose of about 1 mg kg™ ", as
summarized in Table 2. The narrow therapeutic range of verti-
cillins is an area that warrants further study. For example, the
study by Salvi et al.>®* showed that a nanoparticle formulation
was beneficial, as it resulted in a statistically significant mini-
mization of tumor burden while simultaneously being non-
toxic, especially to the liver. Later, Kaweesa et al.*>* found that
formulation was sufficient to dose verticillin A (1) effectively
without toxicity. This suggests that metering the dose of verti-
cillins may provide an avenue to circumvent toxicity concerns,
and thus, improve the therapeutic index. In addition, with only
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one exception,® all of these in vivo studies were carried out with
verticillin A (1). The growing availability of both natural and
semisynthetic analogues of the verticillins opens up the
opportunity for further in vivo experimentation. Obviously, the
ultimate goal is to uncover a verticillin-type molecule that can
be formulated effectively, that retains potent anticancer activity,
and yet that has minimal toxicity, particularly to the liver.

7.6. Pharmacokinetics and in vitro studies

Pharmacokinetic and bioavailability studies were conducted on
verticillin A (1) by Wang and colleagues,* who administered the
drug orally (PO) at a dose of 3 mg kg™, intraperitoneally (IP) at
a dose of 3 mg kg™, and intravenously (IV) at a dose of 1 mg
kg~ ". Blood plasma concentrations of verticillin A (1) were then
calculated using liquid chromatography-tandem mass spec-
trometry (LC-MS/MS). The within and between days precision
was <9% and the accuracy was between 90 to 105%. IP dosing
resulted in the highest systemic exposure, with a maximal
concentration (Cpyax) of 110 nM and sustained plasma concen-
trations above 10 nM for 24 h. IV and PO doses achieved 73 nM
and 9 nM of Cy,,x values, respectively. The high levels of verti-
cillin A (1) after IP and IV administration warrant further
investigation of these routes for future in vivo studies.”
Importantly, these studies, along with the efficacy data in
murine models using concentrations in a similar range,
demonstrate the ability to achieve physiologically relevant
concentrations of verticillin A (1) that result in reductions in
tumor burden.

7.7. Invitro cytotoxicity studies of verticillin A (1)

Prior to the more recent mechanistic and animal testing,
a number of studies were performed on the in vitro efficacy of
verticillins using cell models. In a study by Guan et al.,*® verti-
cillin A (1) was found to be an effective adjuvant of the BH-3
mimetic, ABT-737, against human colon cancer cell lines
HT29, LS411N, SW620, DLD1, and RKO. This was accomplished
by verticillin A (1) sensitizing colon cancer cells to ABT-737-
induced cell death wvia induction of caspase-mediated
apoptosis (specifically, caspase-3 and caspase-9). Further anal-
yses of the protein levels of genes in the mitochondrial-
dependent apoptosis pathway showed that verticillin A (1)
significantly increased the levels of BIM (BIMg;, BIM;, and
BIMg), a class of protein that induces apoptosis.’* Although
treatment with verticillin A (1) alone led to the upregulation of
MCL-1 (an anti-apoptotic protein), its combination with ABT-
737 increased the BIMg;/MCL-1 ratio, which in turn sensitized
HT29 and LS411N cells to ABT-737. Results from the study also
suggested that BIMg;, was upregulated via the suppression of
the MEK/ERK pathway by verticillin A (1). By blocking the
phosphorylation of ERK and BIMg;, verticillin A (1) suppressed
the MEK/ERK pathway, resulting in the upregulation of BIMg;.
The combination treatment also promoted the translocation
and activation of BAX (a pro-apoptotic protein'*’) that triggered
apoptosis.

In colon cancer, verticillin A (1) was found to selectively
inhibit HMTases leading to a decrease in H3K9me3 levels.?®
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Building upon this work, metastasis-related genes were inves-
tigated in colon cancer cells to identify additional signaling
pathways changed by verticillin A (1) mediated epigenetic
marks.*** After determining the cytotoxicity of 1 against human
colon cancer cell lines DLD1 and RKO, as well as the murine
colon cancer cell line CT26 (ICs, values of 0.90, 0.31, and 0.18
uM, respectively), the authors found that verticillin A (1)
inhibited the migration and invasion ability of these cell
lines.***> Subsequently, using qRT-PCR, key metastasis-
associated genes were identified, including MET, CDH1, PLAU,
RHOA, and RHOC. Among these genes, MET and PLAU were
significantly downregulated when treated with verticillin A (1).
Further results showed that verticillin A (1) selectively decreased
C-Met protein levels in DLD1, RKO, and CT26 cells. These
findings were substantiated further when it was determined
that verticillin A (1) suppressed C-Met at the transcriptional
level.*»** Collectively, these results suggest that C-Met
(c-mesenchymal-epithelial transition factor) is a biological
target of verticillin A (1) in human colon carcinomas.

Lu et al* demonstrated that verticillin A (1) in human
gastric (AGS) and cervical cancer (HeLa) cells inhibits migration
by targeting C-Met and its downstream FAK/Src (focal adhesion
kinase-steroid receptor cofactor) signaling pathways. Specifi-
cally, verticillin A (1) represses the expression of C-Met protein
and inhibits HGF-induced C-Met phosphorylation, the latter of
which results in the suppression of C-Met downstream of FAK/
Src signaling. These findings are significant, as the C-Met/FAK/
SRc signaling pathway is associated with cancer cell prolifera-
tion and invasion.'®*** Importantly, verticillin A (1) displayed
cytotoxic activity against AGS and HeLa cells with ICs, values of
69.89 and 319.5 nM at 24 h and 47.59 and 233.9 nM at 48 h,
respectively.*

A separate study* demonstrated that verticillin A (1)
decreased trimethylation at H3K9 at the G6pd promoter in
tumor-specific 2/20 CTLs (cytotoxic T lymphocytes) co-cultured
with mesothelioma AB1 tumor cells (i.e., T-cells exposed to
the tumor microenvironment). This, in turn, significantly
increased the expression of Gépd in the tumor-specific CTLs.
The tumor microenvironment is hostile towards antitumor
immune responses and likely responds to T-cells, in particular,
by inducing T-cell exhaustion."®**** Thus, these findings are
significant, since the activation of G6pd was found to enhance
the acetyl-CoA/H3K9ac pathway to reverse CTL exhaustion and
subsequently increase CTL lytic function in tumor cell lysis in
vitro and in vivo. These findings suggest that G6pd is a potential
biological target in reversing immune suppression in cancer
immunotherapy. The changes observed in this study in meth-
ylation are consistent with inhibition of HMTase as the target.

In the 1990s, Chu et al. showed that Sch 52900 (4), Sch 52901
(5), and verticillin A (1) inhibited serum-stimulated transcrip-
tion of human c-fos promoter.> These verticillin analogues
showed potent activity in the fos/lac Z reporter gene assay with
in vitro ICs, values of 1.5, 1.8, and 0.5 puM, respectively. Thus,
verticillin A (1) exerted antitumor activity by inhibiting the
activation of at least two signaling pathways involved in c-fos
induction.** Sch 52900 (4) demonstrated the ability to induce
differentiation of 50-69% of HL-60 cells (human promyelocytic
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cells) at low concentrations (6.8-13.6 nM). Sch 52900 (4) caused
induction of the cell cycle inhibitor p21"A* and inhibition of
the extracellular signal regulated kinase (ERK) that led to
cellular apoptosis and subsequent growth arrest.’*> The ulti-
mate result of these verticillins (i.e., compounds 1, 4 and 5)
triggering cell death via apoptosis is consistent with the more
recent mechanistic data obtained in other cancer cell lines,
such as colon, pancreatic, and ovarian.

Several structurally related verticillins have also been
studied. The compound 11,11’-dideoxyverticillin A (10) was
demonstrated to have inhibitory activity towards epidermal
growth factor receptor (EGFR), vascular endothelial growth
factor receptor-1/fms-like tyrosine kinase-1 (VEGFR-1/FLT-1),
and human epidermal growth factor receptor-2 (HER2/ErbB-
2), being selectively more potent against EGFR and VEGFR-1
with ICs, values of 0.136 and 1.645 nM, respectively.’* 11'-
Deoxyverticillin A (9) was shown to induce autophagy in
HCT116 human colon carcinoma cells leading to apoptotic cell
death.*® Verticillins have also been shown to cause cell cycle
G,/M phase arrest in HCT-116 colon cancer cells using in vitro
and in vivo experiments.”** Similarly, gliocladicillins A (24) and
B (25) are strong anti-proliferative and pro-apoptotic agents and
are demonstrated to inhibit proliferation of cancer cell lines
HeLa, HepG2, and MCF-7 by cell cycle blockage in the G,/M
phase.®* Moreover, 11,11"-dideoxyverticillin A (10) has an anti-
angiogenic effect’® and inhibits proliferation of HUVECs
(human umbilical vein endothelial cells) with IC5, values of 0.17
and 0.39 uM for VEGF (vascular endothelial growth factor)
stimulated cells and serum-stimulated cells, respectively.***

Insights: The cellular target for most of the in vitro studies on
verticillins were not clearly defined; however, a common theme
is that verticillins induce cytotoxicity and apoptosis in cancer
cells. These studies were performed prior to identifying the role
of verticillins in modifying histones, and evaluating these
studies in light of current knowledge could be informative. For
example it would be interesting to pursue whether any of the
targets (such as BIM, c-Met, c-fos, etc.) undergo transcription
changes via verticillin-mediated epigenetic modifications.

8. Pharmacology part 2: other
biological activities

8.1. Nematocidal activity

Verticillin analogues such as gliocladines A (14), B (15), C (16), D
(17), and E (18), verticillin A (1), 11’-deoxyverticillin A (9), Sch
52900 (4), and Sch 52901 (5) were tested for their anti-
nematocidal effects against Caenorhabditis elegans and Pana-
grellus redivivus. The dimeric/pseudodimeric verticillins were
the most effective in comparison to those lacking an indole
moiety (EDs, values of 10-80 vs. 200-250 pug mL ™", respectively).
The number of sulfur atoms in the bridge did not influence the
potency of the molecules.>

8.2. Antimicrobial activity

Bionectin A (19) and B (20) were tested for their antibacterial
activity against Staphylococcus aureus, methicillin-resistant S.

This journal is © The Royal Society of Chemistry 2024
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aureus (MRSA), and quinolone-resistant S. aureus, resulting in
MIC values of 10-30 ug mL™". Alternatively, verticillin D (6) and
G (23) were slightly more potent with MIC values of 3-10 pg
mL .58 Given the cytotoxic activity of many of the verticillin
analogues, it is not surprising that they have not been explored
in more depth for antimicrobial activities.

9. Summary and conclusions

To date, 27 verticillin analogues (Fig. 2) have been isolated from
fungal cultures. The progenitor, verticillin A (1), was reported in
1970 from a Verticillium sp., although the taxonomy of that
organism could be incorrect. More recently, Gliocladium sp.,
Penicillium sp., and Bionectria sp. (now termed Clonostachys
sp.?®) are reported to be the main producers of verticillins (Table
1). The dioxopiperazine skeleton of verticillins is biosynthesized
via NPRSs, using amino acids that are specific for this class of
natural products. The biosynthetic proposal was supported by
a study of the genome of C. rogersoniana, which identified the
gene cluster (ver) and contributed to both a better under-
standing of the biosynthetic pathway of these molecules and the
likely taxonomy of species that make them. The verticillins are
characterized by their sulfur bridges, which are essential for
their potency. Their potent cytotoxicity has generated interest in
the field of cancer drug discovery, since verticillin A (1) has
shown promising in vivo activity by modifying the epigenome
and sensitizing cancer cells to apoptosis. This interest in the
anti-cancer activity led to a series of in vitro and in vivo studies
described in this review. The demand for new anticancer drug
leads and the potential shown by the verticillins makes them
a promising candidate for further development.

9.1. Gaps and potential future directions

After examining more than a half century's worth of literature
on this fascinating class of fungal metabolites, it is possible to
identify opportunities for future study. If these compounds are
to be developed further, then it is obvious that reliable supplies
are needed. Using a traditional strain and media optimization
approach, members of our team are approaching gram-scale
production. While that has been via solid phase cultures, it
can be envisaged that liquid phase cultures could be desirable
for future industrial-scale production. Many new strains of
Clonostachys are being discovered,* indicating a high level of
diversity within this genus. Performing chemical analyses on
these newly discovered strains may provide valuable informa-
tion on new analogues. In addition, screening newer strains
could shed light on species that could produce higher yields of
verticillins. The biosynthetic gene cluster has been identified by
at least one research team, and this could facilitate molecular
biology approaches to produce verticillins via heterologous
expression. Either of those approaches (or some combination
thereof) could lead to routes to the multi-gram scale production
of verticillins. Alternatively, synthetic approaches have yielded
a route to the core structure of verticillins, albeit on an
academic scale. Approaches that would lead to scaled produc-
tion suitable for pharmaceutical development, either
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synthetically and/or semi-synthetically, would be welcome.
Similarly, to develop a strong patent position, non-natural
analogues of the verticillins are needed. While this has been
explored using both biosynthetic and semi-synthetic
approaches, those studies have also largely been driven by
academics, and there is room for more innovations. For
example, antibody drug conjugates have been developed
recently, where natural products (some of which were first
discovered many decades ago) have been linked to antibodies,
allowing the targeted delivery of potent molecules."*® One can
envision how knowledge developed in the synthetic space
around verticillins could be applied to this emerging field as
well. Like many natural products, their solubility at physiolog-
ically relevant concentrations is also a major challenge. Again,
analogue development via synthetic and/or semisynthetic
techniques could ameliorate this problem. Alternatively, recent
studies from the field of material science could yield nano-
particles or thin films that could deliver the verticillins, and
given their potent cytotoxicity, targeted delivery could be an
added benefit. Finally, from a pharmacological perspective,
most of the studies to date have been with an eye toward cancer
chemotherapy. If the aforementioned supply issues are solved,
giving greater access to these molecules to diverse disciplines,
there are other disease states that could be studied, further
leveraging the potential of this interesting class of fungal
metabolites.
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