1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Nat Prod Rep. Author manuscript; available in PMC 2021 May 01.

-, HHS Public Access
«

Published in final edited form as:
Nat Prod Rep. 2020 May 01; 37(5): 634—652. doi:10.1039/c9np00053d.

Targeting and Extending the Eukaryotic Druggable Genome with
Natural Products: Cytoskeletal targets of natural products

April L. Risinger*2, Lin DuP
aThe University of Texas Health Science Center at San Antonio, Department of Pharmacology,
7703 Floyd Curl Drive, San Antonio, Texas, USA

bDepartment of Chemistry and Biochemistry, Stephenson Life Sciences Research Center,
University of Oklahoma, Norman, Oklahoma 73019, USA

Abstract

We review recent progress on natural products that target cytoskeletal components, including
microtubules, actin, intermediate filaments, and septins and highlight their demonstrated and
potential utility in the treatment of human disease. The anticancer efficacy of microtubule targeted
agents identified from plants, microbes, and marine organisms is well documented. We highlight
new microtubule targeted agents currently in clinical evaluations for the treatment of drug resistant
cancers and the accumulating evidence that the anticancer efficacy of these agents is not solely due
to their antimitotic effects. Indeed, the effects of microtubule targeted agents on interphase
microtubules are leading to their potential for more mechanistically guided use in cancers as well
as neurological disease. The discussion of these agents as more targeted drugs also prompts a
reevaluation of our thinking about natural products that target other components of the
cytoskeleton. For instance, actin active natural products are largely considered chemical probes
and non-selective toxins. However, studies utilizing these probes have uncovered aspects of actin
biology that can be more specifically targeted to potentially treat cancer, neurological disorders,
and infectious disease. Compounds that target intermediate filaments and septins are understudied,
but their continued discovery and mechanistic evaluations have implications for numerous
therapeutic indications.

Introduction

The eukaryotic cytoskeleton is made up of at least four distinct classes of proteins that
coordinate almost every aspect of cellular physiology, including structure, motility,
propagation, and intracellular trafficking. The two most recognizable elements of the
cytoskeleton are microtubules and actin microfilaments, which are polarized polymers
consisting of tubulin heterodimers and actin monomers, respectively (Figure 1). The
intermediate filaments are a more heterogeneous component of the cytoskeleton that can
consist of different proteins, including vimentins, keratins, neurofilaments, lamins, or
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desmin, that are differentially expressed in distinct cell types. Septins are an often
overlooked fourth cytoskeletal element that assemble into filaments and rings that can
associate with microtubules and actin filaments to facilitate critical roles in cytokinesis and
protein scaffolding. These proteins form distinct cellular structures (Figure 1) that are
critical for signaling, intracellular transport, and cell motility. While the cytoskeleton is
critical for many conserved cellular processes, there is a distinct coordination of cytoskeletal
structure, localization, and dynamics in individual cell types. For instance, although actin
filaments are found in all cells, the specific coordination of actin and myosin fibers into
sarcomeres in muscle cells underlie their coordinated contractility whereas in the
gastrointestinal track cross-linked actin filaments form specialized microvilli critical for
nutrient absorption. Due to the diverse functionality of the cytoskeleton, it is often coopted
to promote pathogenesis and can therefore serve as a target for therapeutic interventions.
The most notable example of which is the prolific use of microtubule targeted drugs in the
treatment of cancer. In this review, we will describe recent progress on natural products that
target components of the eukaryotic cytoskeleton and describe how a more detailed
understanding of the distinct biochemical and cell biological effects of these agents underlie
their potential to be used as more targeted therapeutics in cancer as well as in other
indications.

Microtubule targeted agents (MTAs) from diverse natural sources.

Natural products that bind to microtubules are some of the most effective drugs available for
the treatment of solid tumors and hematological malignancies. MTAs continue to be used as
single agents and in combination chemotherapy as well as in combination with molecular
targeted therapies and immunotherapeutics to improve their anticancer efficacy. The first
MTA identified, colchicine, was originally isolated from Colchicum autumnale (commonly
known as autumn crocus) and used in its natural form as early as 1500 BC to treat joint pain
and swelling. It is currently approved for the treatment of gout as a result of its anti-
inflammatory effects. However, it does not have an acceptable therapeutic index for the
treatment of cancer. Importantly, tubulin was first identified as the subunit of microtubules
directly as a result of its interaction with colchicine,! which binds within a deep pocket near
the a/B-tubulin intradimer interface (Figure 2A).2 Vinblastine, was isolated from
Catharanthus roseus (commonly known as Madagascar periwinkle) in 1958 for its purported
effects against diabetes. Although no antidiabetic effects were observed, it was discovered
that the vinca alkaloids elicit myelosuppressive effects that led to the approval of vinblastine
as the first MTA for cancer treatment. Since these initial discoveries, there have been
concerted efforts to identify new natural products that alter the microtubule cytoskeleton.
This has resulted in the FDA approval of over a dozen distinct MTAs for the treatment of
various cancers with numerous additional classes that have been described to have
anticancer potential in preclinical evaluations. The first MTAs isolated, including vinblastine
and colchicine, were classified as microtubule destabilizers because they inhibit microtubule
polymerization and therefore decrease overall microtubule density. The identification of the
mechanism of paclitaxel as an enhancer of microtubule polymerization by Dr. Susan
Horwitz’s laboratory in 1979 introduced microtubule stabilizers as a second distinct class of
MTAs.3 Although microtubule stabilizers and destabilizers have opposing roles on gross
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microtubule polymerization, they both initiate mitotic arrest as a result of a shared
mechanism of disrupting microtubule dynamicity, which is required for formation of the
microtubule spindle and was long thought to be their primary mechanism of anticancer
activity. The interrogation of plant, marine, and microorganism-derived natural products led
to the discovery of each of the six distinct binding sites on tubulin that can be exploited to
alter microtubule polymerization and dynamics (Figures 2A and 3A).
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Vinca site microtubule destabilizers.

The vinca binding site, where vinblastine (1) and other vinca alkaloids bind, is the only
microtubule destabilizer binding site that is currently represented by clinically approved
cancer therapeutics. Vinca alkaloids currently approved for the treatment of cancer include
vinblastine (1), vincristine (2), vinorelbine, vindesine, and vinflunine.* The vinca alkaloids
are particularly effective in the treatment of hematological malignancies, but each of the
clinically approved agents of this class have distinct cancer indications and associated
toxicity profiles highlighting the clinical diversity even among MTAs that bind to the same
site on tubulin.> The approval of eribulin (3) for the treatment of metastatic breast cancer
and liposarcoma has been a major success story for marine-derived vinca-binding site
MTAs. Eribulin, which is a simplified analog of the sponge-derived macrolide halichondrin
B, binds within the vinca domain, although it has distinct mechanistic effects that are
associated with stabilization of the tumor vasculature (which enhances drug delivery) and
reversal of epithelial-to-mesenchymal transition (EMT) in breast cancer.5-8 Most strikingly,
eribulin offers an overall survival advantage in breast cancer patients compared to other
approved treatments® and has superior efficacy compared to vinorelbine, which is the only
other microtubule destabilizer approved for breast cancer.1% Currently, eribulin is being
evaluated in clinical trials against pediatric and adult solid tumors, including sarcomas,
cervical cancer, and brain metastases from breast cancer. An antibody-drug conjugate (ADC)
of eribulin to the folate receptor a, MORADb-202, has demonstrated efficacy in preclinical
cancer models of gastric and non-small cell lung cancers that overexpress this receptorl! and
is currently in phase I clinical trials for patients with solid tumors.

There are several other classes of compounds identified from marine invertebrates that bind
within the vinca site, including dolastatin 10 (4), hemiasterlin, arenastatin A, diazonamide
A, and vitilevuamide.12 The vinca binding site consists of a primary core at the inter-dimer
interface that can extend into what has been termed the “peptide site” that is occupied by
peptide-based natural products, including hemiasterlin, dolastatin 10, and soblidotin3
(Figure 2B). The microtubule destabilization initiated by vinca-site ligands involves
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sequestration of tubulin dimers into ring-like oligomers and/or blocking the microtubule tip
to prevent incorporation into microtubules. Several of these novel vinca-site binding agents
and their synthetic analogs have been evaluated for clinical efficacy. A synthetic derivative
of hemiasterlin, HT1-286, entered phase 1 trials for recurrent non-small-cell lung cancer but
was terminated early with no further clinical testing initiated.1* Dolastatin 10 (4), a
cyanobacterial metabolite originally discovered from a sea hare,1° 16 and related analogs
soblidotin and tasidotin entered clinical evaluations in the late 1990s and early 2000s but
toxicity and lack of efficacy inhibited their advancement.1” However, in 2003, Seattle
Genetics published their work on the generation of an ADC using monomethy! auristatin E
(MMAE, 5) as the cytotoxic payload,8 which resulted in the approval of the CD30-targeted
MMAE conjugate bentuximab vedotin in 2011 for the treatment of lymphomas. ADCs that
direct MMAE to other targets are in clinical evaluations for urothelial, cervical, ovarian, and
breast cancers. The cryptophycins are vinca-site binding macrocyclic depsipeptides
originally identified from cyanobacteria.1®: 20 The synthetic cryptophycin, cryptophycin 52
(LY355703, 6), entered clinical trials for metastatic colorectal, ovarian, and non-small cell
lung cancer, but development was halted due to lack of response and unacceptable toxicities.
21 However, there has been a renewed interest in these exquisitely sensitive drugs as

cytotoxic payloads for targeted therapeutics, similarly to the use of MMAE, in recent years.
22,23

Maytansine site microtubule destabilizers.

Several natural products have been identified that interfere with vinblastine (1) binding but
are associated with a binding site adjacent but distinct from the vinca site, which has been
classified as the maytansine site on tubulin (Figure 2A).24 Compounds that have
demonstrated binding to this site include the marine-derived PM060184 and spongistatins,
the plant-derived maytansine (7), and the bacterial-derived rhizoxin and disorazoles.2
Rhizoxin and maytansine entered clinical evaluations for cancer but did not show sufficient
activity to progress toward further clinical development as single agents.25: 27 However, like
the dolastatins, the clinical utility of maytansine (7) has been resurrected through the
generation of ADCs. Trastuzumab emtansine (T-DM1), the first ADC that has been
approved for the treatment of solid tumors, consists of the maytansinoid, emtansine
(mertansine; DM1) conjugated to the HER2-targeted monoclonal antibody trastuzumab
(Herceptin) for the treatment of HER2-positive breast cancer.

Colchicine-site microtubule destabilizers.

While colchicine (8) itself does not possess the therapeutic window for cancer treatment,
there have been significant efforts over the last thirty years to develop a colchicine-site drug
with sufficient anticancer efficacy for clinical use. This is best typified by the
combretastatins (combretastatin A1, 9), first identified from the South African tree
Combretum caffrum, which have been evaluated in clinical trials for over 16 years with no
approval for any cancer indication. Given the synthetically tractable nature of colchicine-site
binding drugs (as compared to the complex natural products typified as ligands to the other
microtubule binding sites) and their general ability to circumvent clinically relevant
mechanisms of drug resistance to approved MTAs, it is somewhat surprising that no agent of
this class has entered the pharmacopeia of approved cancer drugs. Notable clinical
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limitations of colchicine-site drugs that have entered clinical evaluations include poor
aqueous solubility, generation of toxic metabolites, and poor chemical or metabolic stability.
28 \While many colchicine site binding agents have entered and failed clinical trials over the
last two decades, there are a few promising agents of this class currently in clinical
evaluations. Plinabulin (NPI1-2358, 10) is a synthetic analog of halimide, a colchicine-site
MTA identified from an Aspergillus strain, which is currently in phase 111 clinical trials in
combination with the microtubule stabilizer docetaxel for advanced non-small cell lung
cancer based on the preclinical efficacy of this combination in KRAS-driven preclinical
models.2® The drug BAL27862 (11) is a colchicine-site binding MTA and the active
metabolite of the prodrug BAL101553, which is currently in clinical trials for glioblastoma.
Brain cancers present an optimal opportunity for clinical development of a colchicine-site
MTA as none of the clinically approved MTAs cross the blood-brain barrier. Although
crystallographic evidence demonstrates that BAL27862 (11) resides within the colchicine
pocket on tubulin, it has distinct effects on microtubule structure in biochemical and cellular
assays, including distinct binding kinetics and effects on the mitotic spindle apparatus.3° The
BAL27862 prodrug, BAL101553, has improved solubility, crosses the blood-brain barrier,
and is orally bioavailable. It was found to be well tolerated in phase I clinical evaluations in
25 patients with recurrent glioblastoma and high-grade gliomas with one patient achieving a
long-lasting partial response after progression on two lines of prior therapy and five patients
experiencing stable disease.
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VERU-111 (12) is an orally bioavailable colchicine-site MTA that is being developed as a
third-line treatment against metastatic therapy resistant prostate cancer with a phase Ib/I1
trial currently recruiting patients. Colchicine-site agents as a class tend to retain efficacy in
clinically relevant models of MTA resistance, including those expressing P-glycoprotein or
the Bl isoform of tubulin. Therefore, there is a strong rationale that VERU-111 would have
efficacy in prostate cancers and other cancers where MTAs have proven to be effective but
are prone to development of resistance. As mentioned above, combretastatins are continuing
to be evaluated clinically with OXi4503, a prodrug of combretastatin Al (9), currently in
phase I/11 clinical trials for the treatment of relapsed or refractory AML and myelodysplastic
syndromes. An intriguing effect of combretastatins and some other colchicine-site drugs is
their ability to disrupt tumor vasculature to promote tumor necrosis.31: 32 OXi4503 and other
combretastatins have demonstrated antitumor efficacy and vascular disruption in a variety of
preclinical models, including MDA-MB-231 and MHECS-T xenografts. However, the lack
of clinical responses and presence of cerebrovascular toxicities, likely attributable to
vascular disrupting activities of these agents, have so far inhibited the clinical development
of this drug class. Ultimately, the colchicine-site MTAS for the treatment of cancers based on
their efficacy in drug resistant models and the development of orally available inhibitors that
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cross the blood-brain barrier continues to have promise but has not been effectively
translated to clinical efficacy.

Pironetin site microtubule destabilizer.

The fourth microtubule destabilizer binding site on tubulin was identified with pironetin
(13), an a/p unsaturated lactone isolated from Streptomyces species. Pironetin is unique
from all other microtubule destabilizing agents identified to date in that it covalently binds to
Cys316 on a-tubulin, making it the only known MTA that exclusively interacts with a-
tubulin.33 Pironetin has potent in vitro activity and retains efficacy in H69 and K562 taxane
resistant in vitro models, likely due to its irreversible target binding.34 35 It did not
demonstrate antitumor effects in P388 leukemia bearing mice,36 although this may be due to
a poor choice of model since this cell line is one of the least sensitive to pironetin in vitro.3’

Taxane site microtubule stabilizers.

Paclitaxel (14), the first microtubule stabilizer identified from the bark of the Pacific Yew,3
remains one of the most widely used anticancer drugs for the treatment of solid tumors.
Second and third generation taxanes, including docetaxel (15), cabazitaxel, and abraxane
(nanoparticle albumin-bound paclitaxel) are semi-synthetic paclitaxel analogs that bind
within the taxane pocket on B-tubulin (Figure 3A).38 Paclitaxel and docetaxel are approved
for the treatment of a wide variety of solid tumors, including breast, ovarian, testicular, non-
small cell lung, gastric, head and neck, and prostate cancers. Cabazitaxel was developed as a
taxane that would retain efficacy in drug resistant tumors; however, it is only approved for
drug-resistant prostate cancer. Abraxane (nab-paclitaxel) is an albumin-bound form of
paclitaxel that is approved for pancreatic, breast, and non-small cell lung cancers. Although
originally designed to overcome solvent associated problems with taxane treatment, the
binding of albumin to the SPARC (secreted protein acidic and rich in cysteine) protein on
breast, lung and prostate cancers also promotes selective tumor targeting and correlates with
response to nab-paclitaxel.3® The epothilones are a class of microtubule stabilizers that were
originally identified from myxobacterium. The semi-synthetic epothilone B (16) analog
ixabepilone (17) was approved for the treatment of taxane resistant metastatic or locally
advanced breast cancer.

o W

RO o
m° Q‘Zr @\fo‘o‘&“ T

Epothilons B (16)R = 0
Pactiaxed (14) Docetaxel (15) luabapiione (1T) R = NH

Discodermalide (18) Laulimatda (20)

Microtubule stabilizers are highly effective against solid tumors as single agents, in
combination with chemotherapy regimens and with newer targeted drugs, including
immunotherapy.4% All currently approved microtubule stabilizers bind within the same
taxane binding pocket on B-tubulin, which resides within the microtubule lumen. However,
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there are noted differences among even drugs of this class with regard to their therapeutic
use and toxicities that may be attributable to differences in their effects on microtubule
dynamics and structure. Despite their efficacy, limitations of microtubule stabilizers, like
destabilizers, include innate and acquired drug resistance as well as toxic side effects. New
generation taxanes and other microtubule stabilizers are in various stages of clinical and
preclinical development. Tesetaxel is an orally bioavailable taxane with nitrogen containing
functional groups that dramatically increase solubility and plasma half-life as compared to
other taxanes.#1: 42 Tesetaxel is not efficiently effluxed by the p-glycoprotein drug
transporter, allowing for efficacy in taxane resistant tumor models and for penetration of the
blood-brain barrier, providing an opportunity for the treatment of primary brain tumors as
well as brain metastases. It is currently in phase Il and 11 clinical trials for the treatment of
breast cancer including patients with brain metastases to evaluate their response as a
secondary outcome. The natural product, epothilone B (16), was evaluated in ovarian cancer
clinical trials but failed to demonstrate a survival advantage.*3 Epothilone D and its
derivative KOS-1584 did not progress past phase I/11 clinical trials for cancer. The success of
nab-paclitaxel has led to additional strategies to formulate taxanes to increase their tumor
targeting while decreasing the need for the use of the toxic solvent cremophor, which is used
for the formulation of paclitaxel. Genexol-PM is a cremophor-free micelle form of paclitaxel
that demonstrated a modest response in locally advanced head and neck squamous cell
carcinoma,** efficacy and toxicity similar to standard of care in ovarian cancer,*® and is in
phase Il clinical evaluations for pancreatic adenocarcinoma and hepatocellular carcinoma. A
polyglutamated nanoformulation of paclitaxel has not demonstrated efficacy in clinical
evaluations®® although it remains in phase 111 clinical evaluations against late stage ovarian,
peritoneal or fallopian tube cancer.

In addition to the taxanes, other classes of microtubule stabilizers have been identified from
natural products. Discodermolide (18), a polyketide isolated from a marine sponge, is a
potent microtubule stabilizer that can synergize with paclitaxel and retains efficacy in
taxane-resistant tumor models due to a distinct mode of binding within the taxane pocket on
B-tubulin.#7-%0 Although discodermolide entered clinical trials for cancer, its clinical
development was halted due to pneumotoxicities.®! Dictyostatin (19) is another sponge-
derived microtubule stabilizer that shows some structural similarity to discodermolide and
retains efficacy in clinically relevant models of taxane resistance.>? Additionally, three
microtubule stabilizers that bind covalently to B-tubulin within the taxane site have been
identified; zampanolide from a marine sponge, cyclostreptin from Streptomyces cultures,
and the taccalonolides (taccalonolides AF and AJ) from plants of the genus 7acca>® (Figure
3B, C). Each of these microtubule stabilizers retain efficacy in taxane-resistant models and
exhibit distinct profiles of microtubule stability due to their irreversible binding.34 53:54 In
particular, the taccalonolides have demonstrated highly persistent efficacy in taxane-resistant
tumor models upon systemic administration or local tumor delivery.53: 5556 Additional
classes of microtubule stabilizing drugs from natural products continue to be evaluated for
their unique effects on microtubule structure, dynamics and efficacy in drug-resistant
models, including the avocado toxin persin, and rhazinilam from plants of the Apocynaceae
family among others.>7: 58
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Laulimalide site microtubule stabilizers.

The discovery of laulimalide (20) and peloruside microtubule stabilizers from marine
sponges led to the identification of a second microtubule stabilizer binding site that is
completely distinct from the taxane site (Figure 3A) although it appears to promote a
common mechanism of M-loop stabilization.>? In addition to the distinct binding site on the
B-tubulin protein, in the intact microtubule laulimalide is associated with the exterior of the
microtubule in contrast to the taxanes, which are buried in the interior microtubule lumen.%0
Peloruside demonstrated in vivo antitumor efficacy against H460 and A549 xenografts with
recoverable weight loss but was found to be less effective than paclitaxel in a Pgp-expressing
NCI/ADR-RES xenograft model.6 The in vivo efficacy of laulimalide/fijianolide has been
mixed with slight inhibition of tumor growth in HCT-116 xenografts and a complete lack of
antitumor activity in MDA-MB-435 and HT-1080 models over a range of doses and
schedules.52: 63 This novel microtubule stabilizer binding site provides the possibility for the
clinical development of a novel class of anticancer drugs.

Microtubule stabilizers in the treatment of neurological disorders.

While the focus on microtubule stabilizers has been on their efficacy as anticancer agents,
there has been a somewhat recent surge in the interest in these drugs for the treatment of
neurological disorders. The initial hypothesis for the use of microtubule stabilizers in the
treatment of neurodegenerative disease stems from the fact that the pathology of many of
these diseases is associated with defects in the folding and aggregation of the microtubule
associated protein tau, which are commonly referred to as tauopathies. In neuronal axons,
tau plays a critical role in the organization, dynamics, and overall stability of microtubules,
which are used for axonal transport. In vitro studies have demonstrated that microtubule
stabilizers, including taxanes, epothilones, and peloruside, can rescue tau-induced neuronal
degeneration and axonal transport defects.54 65

Consistent with the role of microtubule stabilization in counteracting tauopathy-associated
phenotypes, the microtubule destabilizer colchicine is used as a method to induce an
Alzheimer’s disease-like pathology in rats.56 However, the use of microtubule stabilizers to
counteract tau-related neuropathologies are complicated by the poor brain penetration of
clinically approved MSAs as well as their associated toxicities, including neuropathies.
Dictyostatin (19), which is brain penetrant, improved microtubule density and axonal
dystrophy in mice with tau pathologies, but was associated with unacceptable toxicities.5”
More promising brain-penetrant microtubule stabilizers entered clinical evaluations for tau-
associated neurodegenerative diseases, including epothilone D and the taxane TP1-287. The
phase | study of epothilone D (KOS-862/BMS-241027) in patients with mild Alzheimer’s
disease ended in 2013 and was subsequently discontinued while two phase I clinical trials of
TPI1-287 in patients with Alzheimer’s disease and other tau-associated neuropathologies are
ongoing. Another hurdle in the use of MSAs in the treatment of tau-associated disease is the
well-documented effect of these drugs on the promotion of peripheral neuropathies in cancer
patients treated with these drugs even when they do not cross the blood brain barrier.58
While pharmacological microtubule stabilization can serve as a stand-in for tau-associated
microtubule stabilization to some degree, it is important to recognize that these drugs
promote distinct alterations in the structure and dynamics of microtubules.59 Microtubule
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hyperstabilization by MSAs alters axonal trafficking and can directly lead to neurotoxicity
of the distal axon in cultured neurons.”® 7> Additionally, microtubule stabilizers can directly
promote neuroinflamation.’? Intriguingly, microtubule stabilization by taxanes has a greater
neurotoxicity than microtubule destabilization promoted by eribulin (3), even when eribulin
showed greater penetration into peripheral nerve tissues.”® Therefore, the promise of
developing more brain penetrant MSAs for the treatment of neurological disease and brain
tumors and metastases should be tempered by an appreciation of their detrimental effects on
normal neuronal function.

Non-mitotic effects of MTAs.

The observation that MTAs can have important clinical consequences in non-dividing
neuronal cells leads to the important realization that the effects of these drugs on interphase
microtubules are just as important as their ability to arrest cells in mitosis. Although
scientists and clinicians often refer to microtubule binding drugs as antimitotics,
accumulating studies demonstrate that the anticancer efficacy of these drugs goes beyond
their antimitotic effects.”4~78 The most critical evidence demonstrating that the antimitotic
effects of MTAs are not sufficient for their anticancer efficacy is the finding that other
classes of antimitotic chemotherapeutics that do not interact directly with microtubules are
not effective in the treatment of solid tumors. At least 46 independent clinical trials of 20
different non-microtubule binding mitotic inhibitors resulted in an overall response rate of
less than 2% against solid tumors even though side effects of mitotic inhibition, including
neutropenia, were observed.”® This is consistent with preclinical data where complete
responses were observed in only 2 of the 53 tumor models evaluated. The lack of clinical
efficacy of mitotic inhibition is consistent with the fact that solid tumors double on average
every 200 days, a much longer doubling time than what is achieved in preclinical in vitro
and in vivo models wherein tumors divide once every 1 — 6 days. Additionally, in vivo
imaging has provided direct visualization of the cytotoxic effects of MTA treatment
independently of entry into mitosis.””" 78

The realization that the anticancer efficacy of MTAs is not solely attributable to their
antimitotic effects leads to renewed interest in the mechanism of action of these drugs,
which have been successfully used in the treatment of cancer for decades. In interphase, the
microtubule cytoskeleton plays an important role in intracellular trafficking of proteins and
organelles as well as in a number of signaling pathways. Known oncogenic drivers that
traffic along microtubules include p53, c-myc, APC, BRCA1, Rb, ERa, HIF-1a, and Src
among others.”® Elegant work has demonstrated that MTAs inhibit the nuclear trafficking of
the androgen receptor in prostate cancer, providing a mechanism for the efficacy of these
drugs in such a slow growing tumor.”® This renewed interest in the mechanism of MTAs led
to the finding that clinically relevant splice variants that disrupt the interaction between the
receptor and microtubules are no longer sensitive to MTAs, which provides the opportunity
for more rational treatment of patients expressing these variants.80 Additionally, the finding
that MTAs, but not other classes of mitotic inhibitors, disrupted the nuclear trafficking of
DNA damage repair proteins provides a mechanistic rationale for the long-observed synergy
of these drugs with DNA-damaging agents in cancer therapy.81 The realization that the
anticancer efficacy of MTAs involves their disruption of interphase microtubules provides a
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rationale for previously unexplained clinical differences between MTAs. Even paclitaxel
(14) and docetaxel (15), which are almost identical compounds, have distinct effects on
microtubule structure including the formation of microtubules with different numbers of
protofilaments and therefore different diameters that would be expected to have distinct cell
biological consequences.82 These structural differences may underlie the different clinical
utilities of these drugs as well as explain their differential toxicities, including a lower
incidence of peripheral neuropathies for docetaxel as compared to paclitaxel. It is therefore
likely that even more disparate classes of MTAs would have even larger differences. The
unfortunate history of classifying all microtubule stabilizers and destabilizers together as a
single drug class and focusing solely on their antimitotic effects has precluded a rigorous
analysis of the mechanistic differences of these drugs on interphase microtubules.
Intriguingly, the sponge-derived adociasulfates (particularly adociasulfates 2, 8, 13, and 14)
bind to kinesin motor proteins effectively inhibiting their processive trafficking along the
microtubule.83: 8 The specificity for these compounds against motor kinesins as compared
to mitotic kinesis provides a valuable tool to more fully understand the consequences of
distinct forms of pharmacological microtubule disruption. We propose that a deeper
understanding of the cell biological consequences of different clinically approved MTAs and
novel classes of preclinical agents on oncogenic driver pathways could lead to more
personalized treatment of cancer patients with these drugs and provide the potential for the
treatment of additional non-cancer indications in a targeted manner.

The Actin Cytoskeleton

The actin cytoskeleton is critical for many of the same cellular processes as the microtubule
cytoskeleton and significant cross-talk occurs between these structures to organize core
biological processes, including cell migration and division.8® The role of actin-based
microfilaments in cancer, infection, neurodegenerative disease, and even substance abuse is
well documented,86-89 suggesting that actin-binding drugs could have potential as
therapeutics in a variety of disease indications. Although many actin-interacting compounds
have been isolated from natural products, none of them is currently approved for the
treatment of disease likely due to significant cardiac and respiratory toxicities as a result of
the non-specific binding of these agents to actin. It is therefore unlikely that compounds
promoting gross actin binding and disruption will be effective in the treatment of human
disease. However, a detailed mechanistic understanding of actin dynamics and function has
led to the development of more specific actin-disrupting agents that have increased clinical
potential. Like microtubules, the formation of actin-based microfilaments can be modula ted
by the binding of cellular proteins or small molecules that either promote polymerization of
monomeric G-actin into filamentous F-actin, or promote microfilament depolymerization.
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Actin depolymerizing agents from natural sources.

The sponge-derived latrunculins bind within the hydrophobic ATP pocket on actin
monomers and promote allosteric changes that inhibit polymerization through monomer
sequestration (Figure 4A). Although latrunculin A (21) has potent cytotoxic effects against
cancer cells in vitro and minor antitumor efficacy in MKN45 and NUGC-4 in vivo models,
a very narrow therapeutic window has halted any clinical development of this class.
However, the latrunculins are highly valuable as molecular tools to study the role of actin in
cellular processes. There are several other classes of natural product-derived microfilament
depolymerizing compounds that bind to the growing, barbed ends of the actin microfilament
blocking further polymerization and promoting net depolymerization. These include fungi-
derived cytochalasins as well as several marine-derived macrolides, including trisoxazoles
(kabiramide C, 22) and swinholides from sponges, tolytoxin from cyanobacterium, and
lobophorolide from brown alga, among others.®1 Marine-derived macrolides, including
tolytoxin, misakinolide A, and kabiramide C (22) have been described to have antifungal
activities, but it is unclear whether there is sufficient selectivity for any of these agents to be
used clinically for the treatment of fungal infections.%? These diverse groups of compounds
all have a similar mechanism of action of binding to the solvent-exposed barbed end of the
microfilament at a site overlapping with endogenous actin binding proteins that sequester
and sever actin, including gelsolin, CapG, and profilin. However, while all of these
compounds promote microfilament depolymerization by sequestering monomeric actin, a
subset can also intercalate into a hydrophobic patch on an intact microfilament to effectively
sever the filament. Even minor affinity of these compounds for the cleft between monomers
can have dramatic destabilizing effects due to the importance of cooperative binding for
filament integrity. While there has long been concern that actin active agents will have
significant cardiotoxicity that will preclude a therapeutic window for disease treatment,?3
antitumor efficacy of cytochalasin B (23) has been observed in some tumor models with ip,
iv, and sc injections, particularly when liposome encapsulated.%

Actin polymerizing agents from natural sources.

Microfilament-binding natural products that increase microfilament polymerization have
also been identified, the most notable being the cyclic depsipeptides phalloidin (24) from the
death cap mushroom Amanita phalloides and jasplakinolide (25) from the marine sponge
Jaspis johnstoni. Other structurally and functionally similar natural products include
chondramide from the myxobacterim Chondromyces crocatus, dolastatin 11 and doliculide
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from the Indian Ocean sea hare Dolabella auricularia, and amphidinolide H from
dinoflagellates of the Amphidinium genus. Hectochlorin and lyngbyabellin (26) represent a
family of actin filament stabilizers are structurally distinct cyclic lipopeptides isolated from
the cyanobacterium Lyngbya majuscula.®> Phalloidin (24) binding promotes microfilament
stabilization through a coordinated interaction bridging 3 actin monomers via 3 distinct actin
binding sites to enhance the innate cooperativity of microfilament polymerization (Figure
4B).% A similar mechanism is employed by each of these microfilament stabilizers,
although some like dolastatin 11 do not directly compete for phalloidin binding®’ and
amphidonolide H is unique in its ability to covalently bind actin.® Phalloidin is non-cell
permeable, but is taken up by the organic anion transporter Oatp1b2 in hepatocytes, which
promotes acute liver injury.?® However, the high specificity of F-actin binding provided by 3
distinct binding sites across an intact microfilament has facilitated its use as a cell biological
tool to specifically label F-actin structures in fixed cells.1%0 Jasplankinolide (25), which is
cell permeable, serves as a complementary biological tool to evaluate the pharmacological
effects of actin stabilization on a variety of cellular processes in diverse model systems.
101-104 Ajlthough total synthesis of this rare, sponge-derived compound has been achieved,
105 the significant cost of jasplakinolide (hundreds of dollars for pg quantities) has limited in
vivo evaluations in models such as zebrafish where significant delayed toxicities were
observed.106 Chondramide has been evaluated in murine tumor models where it had a minor
effect on the growth of a MDA-MB-231 breast cancer xenograft tumor.107 Additionally,
chondramide pretreatment slightly diminished, but notably did not inhibit, the colonization
of intravenously injected 4T1 mammary cancer cells to the lung.108

agents with multiple mechanisms of action.

There are other classes of natural products that have demonstrated more complex
interactions with cytoskeletal components that prohibit their strict inclusion in the previous
categories of agents that stabilize or destabilize the microtubule or actin cytoskeleton. The
cucurbitacins are a family of plant-derived triterpenes that have been reported to have
diverse effects on the cytoskeleton, including promotion of actin aggregation and some slight
microtubule depolymerizing effects.109 There is controversy with regard to the mechanism
of the actin-associated effects of cucurbitacins, with roles attributed to VASP/RhoA pathway
activation for cucurbitacin B,10 differential JAK/STAT3 pathway inhibition for
cucurbitacins A, B, E, 1, and Q,111 a direct interaction with the actin depolymerizing protein
cofillin for cucurbitacins E and 1,112 and a direct interaction with actin for cucurbitacin E.113
With regard to the direct interaction of cucurbitacin E (27) with actin, it inhibits actin
depolymerization by forming a covalent bond with Cys257 of actin in the polymerized F-
form, but not in the monomeric G-form, to promote irreversible net actin polymerization in
the cell.113 The subsequent finding that cucurbitacins D, E, and | can covalently interact
with multiple cysteine residues on cofilin as well as the reducing agent dithiothreitol (DTT),
suggests that the reason so many different mechanisms have been attributed to their
biological effects is that they interact non-specifically with many cellular targets.114

The marine macrolide aplyronine A (28) from the Pacific sea hare, Aplysia kurodai, appears
to interact with both actin and tubulin.84 115 Mechanistically, aplyronine A first binds to
actin and this actin-aplyronine A complex is then able to interact with tubulin to effectively
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destabilize microtubules in biochemical experiments and in cells. Intriguingly, gross cellular
disruption of microtubule structure and mitotic arrest occur at much lower concentrations of
aplyronine A than cause gross cellular actin depolymerization. The structurally similar
compound aplyronine C, which lacks a trimethylserine ester, retains actin-binding activity
similar to aplyronine A but lacks its microtubule-associated effects. The identification of
compounds that bind and depolymerize actin in a similar manner but that have differential
effects on microtubule structure provides a distinct opportunity to comparatively evaluate the
relative contributions of disruption of these two cytoskeletal structures. Indeed, the lack of
microtubule destabilizing effects for aplyronine C is associated with 1000-fold less cytotoxic
potency against HeLa S3 cells as compared to aplyronine A. In vivo evaluations demonstrate
that i.p. dosing of 0.04 — 0.08 mg/kg aplyronine A can prolong survival in mice injected i.p.
with human cancer cell lines.116

Natural products as modulators of actin associated protein interactions.

The compounds described above have, for the most part, been characterized as general
disruptors of the microfilament cytoskeleton, which have diverse and multifaceted
downstream effects on likely hundreds of actin-mediated processes. As the field has
progressed, there have been efforts to more specifically target the actin cytoskeleton with the
intent of identifying more tolerable actin-active compounds as therapeutic lead compounds.
Although actin is a highly conserved target between all cells, there is diversity in the actin
associated proteins that regulate the function of actin between distinct cell types. In
particular, at least 40 distinct isoforms of tropomyosin can form copolymers with actin to
define the intrinsic function of distinct cellular microfilaments. This diversity of the
microfilament superstructure provides an opportunity to target distinct microfilament
populations that are associated with disease. Indeed, synthetic compounds that target
specific tropomyosin containing actin microfilaments have demonstrated in vivo efficacy for
regulating glucose metabolism!17 or antitumor efficacy18: 119 with limited side effects.
Some actin-active natural products may also have the potential to exhibit specificity due to
disruption of distinct microfilament interactions. The myxobacterial-derived compound
miuraenamide A has similar actin stabilizing effects as jasplakinolide (25), however it
competes with a different cohort of actin-associated proteins leading to distinct effects on
cellular migration and transcription.120 Recently, the inhibition of actin nucleation and
polymerization by myxobacterium derived chivosazole A has been attributed to disruption of
interactions with multiple actin-associated regulatory factors, which promotes distinct
biological effects compared to latrunculin B.121
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Small molecules that disrupt actin independently of direct microfilament binding include
Rho Kinase (ROCK) inhibitors, which have been developed for the treatment of a variety of
disorders, including glaucoma, asthma, neuronal degeneration, and cancer among others.
89, 122 \while these efforts have been focused on the identification of small molecule kinase
inhibitors, recent efforts have been initiated to identify selective ROCK inhibitors from
natural products.123: 124 |n addition to Rho, small molecule inhibitors of other actin
regulatory G proteins, Rac and Cdc42, have been sought out to inhibit invasion and
metastasis in cancer by regulating actomyosin contractility.125 Selective inhibitors of the
Cdc42-binding kinase MRCK from fragment libraries have demonstrated efficacy in
chemical carcinogen-induced skin cancer models, providing evidence of the potential for
targeting actin at the level of these regulatory kinases.12% It is intriguing to consider that a
more targeted approach to identify specific classes of actin-disrupting agents combined with
a deeper detailed mechanistic understanding of actin active agents already identified could
enhance our understanding of the specific functionality of disrupting distinct microfilament
structures and aid in the potential to identify therapeutically relevant classes of natural
products in the future.

Organism-specific actin disrupting agents.

While there has been a large focus on evaluating the anticancer potential of actin active
drugs, particularly given the success of microtubule targeted drugs in this area, there are
other disease indications where actin-based drugs may be more aptly suited. The
glycolipopeptide occidiofungin (29) is an actin binding agent produced by the soil bacterium
Burkholderia contaminans with a wide spectrum fungicidal activity with minimal toxicity to
animal models.12” Actin disruption is a novel mechanism compared to clinically approved
antifungal drugs and occidofungin displays a broad spectrum of activities against both
filamentous and non-filamentous fungi through direct actin binding and the disruption of F-
actin cables.128 While the mechanism of fungal selectivity is unclear and unexpected due to
the conservation of the cellular target, differences in cellular uptake between fungal and
mammalian cells have been proposed for the low toxicity observed in animals subjected to
occidiofungin by intravenous or subcutaneous injection. Most recently, occidiofungin was
found to be effective in the treatment of a vulvovaginal yeast infection in a murine model
with no adverse effects noted.128 It is interesting to note that minor, 4-fold, resistance to
occidofungin is conferred by the selective mutation of one tropomyosin isoform, but not
other actin-regulatory proteins.128

Intermediate Filaments

The intermediate filaments (IFs) are cytoskeletal structures that are named due to their
intermediate size (8 — 10 nm) as compared to thicker microtubules and thinner actin
microfilaments (Figure 1). IFs are the largest and most diverse class of cytoskeletal
structures and are made up from distinct proteins in different tissues or cellular organelles.
Type | and Il IFs are keratin-containing structures that reside in epithelial cells. Type Il IFs
are composed of vimentin in fibroblasts and endothelial cells, desmin in muscle, glial
fibrillary acidic protein (GFAP) in astrocytes, and peripherin in peripheral nerve fibers. Type
IV, V, and VI IFs are composed of neurofilaments, nuclear localized lamins, and nestin,
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respectively. In spite of their heterogeneity, all IF subunit proteins have a common domain
structure that promotes formation of coiled-coil dimers that further tetramerize and pair into
protofibrils that lack the polarity of the microtubule and microfilament cytoskeleton. IFs
play vital roles in providing structural support to the cell and internal structures like the
nucleus (lamin), epidermis (keratin) or sarcomeres in muscle (desmin). Over 80 human
diseases are associated with mutations in IF proteins (IF-pathies) and there are no treatments
available that act directly on IFs to correct these disorders.

Type land Il IFs.

Type Il IFs.

Mutations in 15 of the 21 keratins are associated with disease and underlie a number of
inherited skin fragility disorders as a result of decreased epithelial rigidity, including
epidermolysis bullosa simplex (EBS). Natural products, including retinoids and
sulforaphane can restore skin integrity by upregulating the expression of normal keratins to
compensate for the mutant forms although additional skin irritation can occur as a side
effect.129. 130 |n small clinical studies of EBS patients, Oleogel-S10, a 10% triperpene dry
extract from birch bark, accelerated wound healing?3! and diacerein, an anti-inflammatory
compound from rhubarb root, significantly reduced blistering.132 Additional clinical trials
evaluating the efficacy of topical diacerein, rapamycin, or injected botulinum toxin for EBS
treatment as modulators of inflammation and keratin expression are ongoing. Midostaurin
(PKC412, 30), a semisynthetic derivative of staurosporine, demonstrated a distinct
mechanism of normalizing the structure of IFs containing mutated keratins in hepatocytes
through increasing their association with a non-muscle myosin heavy chain.133 This
approach of identifying compounds that functionally normalize mutant IF structures in a
cell-based assay that can be applied to the specific protein mutations associated with any IF-
pathy provides an intriguing platform for screening natural products extracts, fractions, and
pure compounds.134

Desmin-associated IF-pathies include a subgroup of progressive muscular diseases
(myofibrillar myopathies) and cardiomyopathies that are associated with desmin mutations
and desmin-positive protein aggregates.13% 136 Compounds that reduced aggregation of
desmin mutants in cellular models include the geldanamycin derivative 17-DMAG,
antioxidants alpha-lipoic acid, a-tocopherol, and acetyl-a-tocopherol, curcumin, colchicine,
and the mTOR inhibitor pp242. Their mechanism of action has been attributed to antioxidant
production and autophagy.137 Mutations in the IF protein GFAP are implicated in Alexander
disease, which is associated with demyelination of neurons and progressive neurological
side effects that often present within the first two years of life and poor prognosis. The
antidepressant clomipramine was found in a screen for compounds that reduce GFAP
expression and aggregation!38 and there is an indication that compounds that alter
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proteasomal activity, the activation of stress pathways, and regulation of inflammation in
astrocytes and their local environment could alter disease progression.139

The expression of vimentin in epithelial cells has an integral role in the initiation and
progression of many solid tumors, including lung, prostate, breast, and colon cancers.140
Vimentin is normally expressed in fibroblast and endothelial cells, although vimentin
homozygous knockout mice are viable with some arterial stiffening noted.141 The natural
product withaferin A (31) from Withania somnifera, directly binds to vimentin through a
covalent interaction with Cys327 to cause aggregation of vimentin filaments, antiangiogenic
activity, and has demonstrated antitumor efficacy in over a dozen in vivo models.142: 143
However, over the years many additional cellular targets of withaferin A have been
identified in addition to vimentin that likely contribute toward its antitumor efficacy,
including covalent binding to cysteine residues on p-tubulin and annexin 11, as well as
disruption of the Hsp90 chaperone.142 Additionally, withaferin A has been demonstrated to
inhibit NF-xB dependent inflammatory signaling in monocytes,144 have antidiabetic effects
as a leptin sensitizer,14° and elicit numerous other biological activities likely due to its
diverse cellular targets. Specific vimentin inhibitors identified in small molecule screens
demonstrated a much higher degree of selectivity for mesenchymally transformed cells than
withaferin A, likely as a result of these additional targets.14® Recently the garlic derived
phytochemical ajoene was also found to covalently bind to vimentin at the same cysteine
residue as withaferin A (with additional interacting partners also detected), disrupt the
cellular vimentin network, and reduce cell migration.147 Other natural products identified to
interact with vimentin include the statins simvastatin and mevastatin (32) that promote
vimentin bundling and selective cytotoxicity of mesenchymal, vimentin-expressing breast
cancer cells.148 The potential for clinical development of natural product vimentin inhibitors
will likely rely on the reduction of or at least a more detailed understanding of their
vimentin-independent effects.

Type IV, V, and VI IFs.

Nestin expression has also been implicated in cancer progression and angiogenesis.149
Although its role in normal endothelial cells may preclude its potential as a general
therapeutic target, there does appear to be a case for nestin inhibition or targeting
particularly in the treatment of glioblastoma.150-152 The natural products salvianolic acids,
tetramethylpyrazine, and resveratrol can induce nestin expression, although the mechanisms
are indirect and not fully elucidated.144 Several neuronal/axonal and neuropsychiatric
disorders are caused by mutations in neurofilament IF proteins, which play essential roles in
nerve conduction and synaptic function. Neurofilament disorders underlie forms of Charcot-
Marie-Tooth disease, amyotrophic lateral sclerosis (ALS) susceptibility, Parkinson’s disease,
and Alzheimer’s disease.1®3 Laminopathies, caused by alterations in nuclear localized lamin
IF proteins, include the premature aging disease Hutchinson-Gilford Progeria syndrome
(HGPS) as well as cardiomyopathies. In HGPS, a truncated toxic form of lamin A, called
progerin, accumulates in nuclei and is also observed in normal aging.1>* Metformin and
farnesyltransferase inhibitors can disrupt that aberrant splicing that leads to progerin
accumulation1®3: 156 and studies evaluating the efficacy of combinations of these agents are
currently being evaluated in clinical trials with limited sucess.1>* Autophagy induction by
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rapamycin, retainoids, proteosomal inhibition and sulforaphane promote progerin clearance
leading to reversal of aging defects in HGPS patient skin fibroblasts and animal models
although additional preclinical studies are needed to inform on optimal clinical evaluations
of these agents.154

Although not traditionally considered one of the three major cytoskeletal components,
septins are increasingly acknowledged to be the fourth component of the cytoskeleton.
Septins are GTP-binding proteins that directly interact with and coordinate microtubule and
actin microfilaments to regulate numerous cell biological processes, including localized
signaling and vesicular trafficking.157 Four distinct septin subgroups, consisting of at least
13 genes with multiple isoforms have been identified in mammals that interact among one
another to form filaments, rings and gauzes.1®® Septin misregulation is associated with
cancer,1®9 neurodegenerative disease,160 infectious disease,161 and a variety of organ-
specific pathologies that underlie human disease.162 Septin proteins compete with other
microtubule binding proteins to inhibit microtubule dynamicity, contribute to the resistance
of cells to microtubule targeted chemotherapies in vitro, and misregulation of Septin 9
isoform expression is associated with poor prognosis in prostate and breast cancers.159
Septin targeting could also serve as an alternative entry point to the modulation of the actin
cytoskeleton as septins 2, 6, and 7 coordinate actin remodeling during cancer cell migration
and microbial infection.

Septin expression in general is high in neuronal tissues and is integral to the formation,
growth and stability of axons and dendrites and synaptic vesical trafficking.160 Septin 4 is
important for dopamine release and reuptake and has been associated with Parkinson’s
disease due to a direct interaction with parkin. Septins 2 and 3 are increased in Alzheimer’s
patients and a polymorphism of septin 3 was found to be significantly associated with the
disease. Aberrant septin 5 expression is linked to a rare autosomal bleeding disorder, septin
2 is required for bacterial invasion, and septin 4 is critical for fertility due to its role in sperm
morphology.162 The expression of distinct combinations of septin proteins in different
tissues and disease states resulting in the formation of different macromolecular structures
provides an opportunity for the targeted inhibition of pathological septin structures.

The only compound identified to date that disrupts septin assembly is the synthetic plant
cytokine forchlorfenuron (33), which directly suppresses septin dynamics resulting in the
formation of higher order structures that effectively deplete functional septin structures.163
Modeling studies indicate that forchlorfenuron binds to the nucleotide binding pocket of
septins and locks them into a conformation that mimics the GTP bound state.164 This
binding pocket is conserved among the septin 2, 3, and 7 paralogs, which results in cellular
septin reorganization and inhibition of mitotic progression and cellular migration. There is
significant untapped potential to discover more selective septin inhibitors that could be used
to more fully understand septin regulation and the potential for the treatment of septin-
associated disease.
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Conclusions

The role of the eukaryotic cytoskeleton in human disease has long been appreciated. While
direct targeting of the microtubule cytoskeleton has been an effective strategy for the
treatment of cancer, inhibitors of other components of the eukaryotic cytoskeleton have so
far not been translated to the clinic. Mounting evidence suggests that non-specific disruption
of the actin microfilament cytoskeleton may be too toxic as a therapeutic strategy and that
more targeted disruption of distinct actin structures or interacting proteins may be a more
optimal approach. Additionally, the cell type specific expression and coordination of
intermediate filaments and septins provides an opportunity for pharmacological disruption of
more specific disease-associated cytoskeletal processes with a decreased likelihood of global
toxic side-effects. As we gain additional structural and mechanistic insight into distinct
cytoskeletal structures that are coopted in diseased states, more targeted strategies can be
employed to identify selective inhibitors of these structures. Natural products have
consistently provided novel and unanticipated chemical scaffolds that have revolutionized
the treatment of human disease.165 The identification of novel natural products with the
potential to impact the treatment of disease through cytoskeletal disruption/interaction will
likely require the development of more sophisticated mechanistic screening efforts than what
have been traditionally employed. There is also a strong possibility that natural products that
have been historically classified as general inhibitors of cytoskeletal components could
actually be more selective inhibitors of distinct cytoskeletal processes if more detailed
mechanistic studies are undertaken.
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Schematic and actual representation of cytoskeletal proteins. (A) a/p-tubulin heterodimers
are cotranslated to form the basic building blocks of the microtubule cytoskeleton. Cellular
microtubule localization is visualized by B-tubulin immunofluorescence in HelLa cells. (B)
Monomers of intermediate filament proteins, including vimentin, dimerize and then form

1duosnuepy Joyiny
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head-to-tail tetramers that form intermediate filament structures. Cellular vimentin
localization is visualized by immunofluorescence in MDA-MB-231 cells. (C) Actin
monomers polymerize in a head-to-tail fashion to form microfilaments. Cellular F-actin
localization is visualized by imaging TRITC-labeled phalloidin treated A10 cells. (D)
Individual septin proteins come together to form linear and ringed cytoskeletal structures.
Cellular localization of septin 9 is visualized by immunofluorescence in HCC1937 cells.
Microtubule and microfilament structures have polarity depicted as + and — ends.
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Figure 2.
Binding sites of microtubule destabilizing agents. (A) Superimposition of the binding sites

of colchicine (orange, PDB ID: 402B), maytansine (green, PDB ID: 4TV8), pironetin (pink,
PDB ID: 5LAG), and vinblastine (purple, PDB ID: 1Z2B) on a single a/p tubulin
heterodimer. (B) Superimposition of vinblastine (red, PDB ID: 1Z2B) and the peptide
soblidotin (blue, PDB ID: 3E22) in their respective tubulin binding sites between two
heterodimers, which together define the “vinca domain” (pink, a-tubulin; green, p-tubulin).
GTP is depicted in purple.
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Figure 3.
Binding sites of microtubule stabilizing agents. (A) Superimposition of paclitaxel (green,

PDB ID: 1JFF) and laulimalide (orange, PDB ID: 404H) in their respective binding sites on
B-tubulin. (B) Superimposition of the binding sites of covalent microtubule stabilizers
zampanolide (blue, PDB ID: 414T), cyclostreptin (gold, PDB ID: 6QTN), and taccalonolide
AJ (green, PDB ID: 5EZY) in the taxane binding pocket on B-tubulin. (C) Individual views
of the covalent binding linkages of zampanolide (blue), cyclostreptin (gold), and
taccalonolide AJ (green) with B-tubulin.
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Figure 4.
Binding sites of actin active agents. (A) Superimposition of the actin destabilizers

latrunculin (PDB ID: 1ESV) and kabiramide C (PDB ID: 1QZ5) on actin. (B) Cryo-EM
structure of three phalloidin molecules (green, PDB ID: 6D8C), each bridging three actin
monomers, to stabilize the actin microfilament structure.
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