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Diverse natural product small molecules have allowed critical insights into processes that govern eukaryotic

cells' ability to secrete cytosolically synthesized secretory proteins into their surroundings or to insert newly

synthesized integral membrane proteins into the lipid bilayer of the endoplasmic reticulum. In addition,

many components of the endoplasmic reticulum, required for protein homeostasis or other processes

such as lipid metabolism or maintenance of calcium homeostasis, are being investigated for their

potential in modulating human disease conditions such as cancer, neurodegenerative conditions and

diabetes. In this review, we cover recent findings up to the end of 2019 on natural products that

influence protein secretion or impact ER protein homeostasis, and serve as powerful chemical tools to

understand protein flux through the mammalian secretory pathway and as leads for the discovery of new

therapeutics.
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1. Introduction

Natural products (NPs) are a rich source of diverse bioactive
molecules for discovery of therapeutic drugs.1–3 In addition,
NPs serve as valuable probes to study the inner workings of the
cell and have revealed a wealth of information about dynamic
cellular processes such as mechanisms of protein synthesis,
secretion, and regulated turnover.4 However, to gain relevant
insights into biological systems and disease mechanisms,
high quality probe molecules are required and many small
molecules that are currently used do not fulll the required
criteria.5 Current technological development, including
Nat. Prod. Rep., 2020, 37, 717–736 | 717

http://crossmark.crossref.org/dialog/?doi=10.1039/c9np00066f&domain=pdf&date_stamp=2020-05-25
http://orcid.org/0000-0002-4091-7492
http://orcid.org/0000-0002-3160-7767
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9np00066f
https://pubs.rsc.org/en/journals/journal/NP
https://pubs.rsc.org/en/journals/journal/NP?issueid=NP037005


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 8
:1

3:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CRISPR-based chemogenomic screening in human cells,
improved methods for identifying resistance-conferring
point mutations in NP target genes, proteome-wide small
molecule engagement approaches and new synthetic routes
to affinity-based probe molecules such as photoaffinity
probes have permitted new advances in identifying cellular
targets of many natural product small molecules and to
examine the degree to which the observed phenotypic
changes can be attributed to on-target modulation.6–9 In this
review, we will cover the discovery and recent literature of
NPs that inuence protein secretion by direct targeting of
key factors inuencing protein secretion or important
homeostatic processes of the secretory pathway (Fig. 1),
including different forms of ER stress, maintenance of
calcium homeostasis and ER associated protein degradation.
2. Inhibitors of ER protein insertion

Protein insertion into the lumen of the ER or insertion into
the ER membrane for integral membrane proteins is the rst
step aer protein translation on the protein secretion
pathway. Recent work has now revealed a dizzying array of
structurally diverse, potent natural products that act by pre-
venting protein ER translocation (reviewed in ref. 10). These
compounds are produced by a host of microorganisms
ranging from endosymbiotic fungi to human pathogenic
bacteria, marine cyanobacteria and even medicinal plants.
Unexpectedly, it now appears that nearly all of these NPs act
by directly targeting the central Sec61 protein translocation
channel that is responsible for ER translocation of newly
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synthesized secretory and membrane proteins (Fig. 2). Here,
we will review the discovery and current progress on under-
standing the mechanism of this diverse group of Sec61
modulating compounds.
2.1 Cotransins

A fungal natural product HUN-7293 (Fig. 3) was discovered as
a potent suppressor of expression of the human vascular endo-
thelial cell adhesionmolecule I (VCAM-1)11 and a total synthesis of
HUN-7293 was established enabling detailed SAR studies.12–14

Later, two independent studies revealed that HUN-7293 (later
named cotransin) inhibits cell surface receptor expression by
preventing ER translocation or membrane insertion of newly
synthesized secreted or membrane proteins.15,16 Intriguingly,
cotransin only inhibits biogenesis of a subset of the thousands of
Sec61 substrate proteins in a manner dependent on the N-
terminal ER targeting signal peptide or transmembrane
segment.15,16 Photocrosslinking experiments with a photo-
activatable analog of cotransin demonstrated that cotransin
inhibits ER translocation by directly binding to the central pore-
forming Sec61a subunit of the Sec61 translocon.17 Later, an
unbiased screen to identify specic resistance-conferring point
mutations, suggested that cotransin allosterically blocks Sec61
gating facilitated by nascent secretory polypeptides.18 Intriguingly,
synthesis and testing of new cotransin analogs indicated that
changes in the cotransin structure can alter the range of Sec61
substrate proteins it inhibits.19 A consensus sequence for
cotransin-sensitive signal peptides or N-terminal transmembrane
segments has not been identied, although specic point muta-
tions that do not interfere with protein ER targeting or insertion,
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Fig. 1 Outline of the mammalian protein secretory pathway and points of activity of different proteostasis modulating NPs.
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yet specically modulate cotransin sensitivity of specic
membrane proteins such as TNFa and AQP2, have been
described.18,20 A quantitative proteomics study in human hepato-
cellular liver carcinoma cells using saturating (30 mM) concen-
tration of cotransin, suggested that signal peptide-containing
secreted proteins would be generally more sensitive to cotransin
modulation than integral membrane proteins.20
This journal is © The Royal Society of Chemistry 2020
Another study identied CT8 (Fig. 3), a highly substrate-
selective cotransin as a potent inhibitor of expression of the
cancer-associated cell surface pseudokinase HER3, which was
found to contain a highly cotransin-sensitive signal peptide.21

The reduced HER3 expression upon treatment of BT474 breast
cancer cells with cotransin results from increased proteasomal
turnover induced by the cytosolic displacement of the HER3
membrane protein. It is interesting that HER3 among the four
Nat. Prod. Rep., 2020, 37, 717–736 | 719
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Fig. 2 Mechanism of inhibition of protein ER import and maturation, and location of common resistance mutations within the structure of the
Sec61 protein translocon. The pathway of cotranslational mammalian protein import into the ER (top). Inhibitors of Sec61 protein translocon
prevent channel gating and insertion of secreted proteins into the ER lumen or diffusion of integral membrane proteins into the ER lipid bilayer.
Tunicamycin is an inhibitor of cotranslational proteinN-glycosylation, whereas cavinafungin prevents ER targeting signal peptide cleavage. In the
structural model of mammalian Sec61 (bottom), the lateral gate helices of Sec61 are indicated in blue (TM2 and TM3) and red (TM7 and TM8) and
the resistance mutations identified to confer strong resistance to most structurally diverse Sec61 inhibitors are shown in green and outline the
putative NP-binding site on the lumenal end of the Sec61 lateral gate. SRP, signal recognition particle. OST, oligosaccharyl transferase complex.
SPC, signal peptidase complex. CT, cotransin; Deca, decatransin; Myco, mycolactone; Ipo-F, ipomoeassin F; AprA, apratoxin A.
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signal peptide-containing HER family members is uniquely
sensitive to CT8, and this opens up new therapeutic strategies to
control HER activity in breast cancer. The authors further showed
that CT8 efficiently enhances the efficiency of existing HER2
therapies in BT474 breast cancer cells.21 Further, many studies
have identied importance of the role of the ER secretory pathway
for replication of different aviviruses and in one of these studies
Sec61 was identied as a host factor required for growth and
infectivity of several viruses including inuenza, HIV and
dengue.22 Treatment of cells with noncytotoxic concentrations of
CT8 potently inhibited three different strains of HIV. The ability
of CT8 to prevent ER trafficking of the HIV gp120 protein and
therefore biogenesis and replication of the HI virus, suggests the
720 | Nat. Prod. Rep., 2020, 37, 717–736
possibility of targeting ER insertion with substrate-selective
inhibitors as a viable antiviral strategy.22
2.2 Apratoxins

The natural secondary metabolite apratoxin A (Fig. 3) was
originally discovered from a marine cyanobacterium Lyngbya
majuscula (later identied/reclassied as Moorea bouillonii)23

and observed to potently inhibit cancer cell proliferation by
inducing cell cycle arrest and apopotosis.24 Further, it was
shown that treatment of cells with apratoxin A caused down-
regulation of expression of many cell surface receptors, partic-
ularly receptor tyrosine kinases and components of the
endoplasmic reticulum.25 Further, it was demonstrated that
This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Structures of inhibitors of ER protein insertion. Their structural diversity translates into distinct interactions with Sec61 and differential
pharmacological profiles. Red color indicates changes in synthetic compounds compared with the parent natural product. Blue indicates key
fragment critical for compound activity.
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apratoxin A inhibited protein translocation to the ER in
biochemical experiments, suggesting that the direct cellular
target may be an integral component of the ER machinery.25

Other cyanobacterial apratoxin family members showed similar
anticancer activity, presumably by the same mechanism.26

More recently, photocrosslinking competition, mutagenesis27

and co-immunoprecipitation experiments28 have directly
This journal is © The Royal Society of Chemistry 2020
identied Sec61 as the direct cellular binding target of apratoxin
A. Biochemically, apratoxin A prevents protein ER translocation at
an earlier stage than cotransin and appears to impact ER import
of Sec61 substrate proteins in a substrate-nonselective fashion27

with the exception of so-called N-tail translocating integral
membrane proteins that are initially inserted by the action of the
EMC complex instead of Sec61.29 Intriguingly, the mutagenesis
Nat. Prod. Rep., 2020, 37, 717–736 | 721

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9np00066f


Natural Product Reports Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 8
:1

3:
19

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.
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and competitive binding experiments indicate that similarly to
cotransin, also apratoxin A binds Sec61a near the lumenal plug
domain, suggesting that binding of different ligands to an at least
partially overlapping binding site can result in inhibition of ER
protein translocation with either a substrate-selective or
a substrate-nonselective mechanism.

Several natural apratoxins and synthetic analogs have been
synthesized, which provided clear structure–activity relationship
information in cells and enabled the modulation of anticancer
activity in vitro and in vivo through alteration of the ability to
inhibit biogenesis of cell surface proteins and secreted
factors,30–34 highlighting the potential for improving the currently
narrow therapeutic window of apratoxins tested in in vivo cancer
models.28,31,32 Specically, removal of the Michael acceptor led to
improved activity as apratoxin S4 (Fig. 3) demonstrated exquisite
activity in a HCT116 colon cancer xenogra model.30 The next-
generation apratoxin S10 (Fig. 3), possessing an inverted cong-
uration of the thiazoline ring to improve potency and a gem-
dimethyl group to prevent dehydration-induced deactivation of
the compound, inhibited pancreatic cancer in an orthotopic PDX
mouse model.31 Apratoxin S10 was able to modulate many but
not all growth factors and cytokines in primary pancreatic cancer
cells and tumor-associated stromal cells comprising the tumor
microenvironment, suggesting the potential of apratoxin S10 to
exert activity through dual inhibition of cancer growth and
associated growth factor signaling but also through inhibition of
growth-stimulating factors by the tumor microenvironment that
are contributing to resistance. Furthermore, since VEGF and
other proangiogenic factors appeared to be particularly sensitive
to inhibition by apratoxins S4 and S10 in a cellular context and in
vivo, these agents also have potent antiangiogenic activity,30,34

which is not only relevant for the inhibition of vascularized
tumors but also for treating retinal angiogenic disorders.
Consequently, apratoxin S4 was recently shown to inhibit retinal
vascular cell activation by suppressing several angiogenic path-
ways and attenuated pathological ocular neovascularization in
several animal models of ocular angiogenesis.35
2.3 Mycolactone

Mycolactone (Fig. 3) is produced byMycobacterium ulcerans, the
causative bacteria of a necrotising skin disease Buruli ulcers.36

For a comprehensive review on mycolactone mechanisms, see
ref. 37. This bacteria harbors a megaplasmid that contains the
polyketide synthetase genes required for mycolactone biosyn-
thesis.38 Mycolactone is a macrolide that exerts an immuno-
suppressive effect at the site of bacterial infection, but also
systemically prevents blood lymphocyte homing to draining
lymph nodes.39 Because of the central role of mycolactone in
mediating bacterial immune-evasion, its mechanism of action
has attracted much interest.

In immune cells, mycolactone potently inhibits cellular
capacity to produce cytokines, chemokines and homing recep-
tors, particularly inhibiting systemic production of IFN-g.40 In
monocytes andmacrophages, mycolactone inhibited activation-
induced production of cytokines and chemokines.40,41 Cellular
and biochemical assays indicated that mycolactone inhibits
722 | Nat. Prod. Rep., 2020, 37, 717–736
a specic stage of ER insertion and differentially inhibits
cotranslational and posttranslational protein translocation of
secretory proteins.40,42

Unbiased resistance mutation mapping and competitive pho-
tocrosslinking experiments with photo-cotransin indicated that
mycolactone targets Sec61a near its lumenal lateral gate, similarly
as apratoxin and cotransin.43 Proteomic studies in mycolactone-
treated CD4+ T lymphocytes, dendritic cells and dorsal root
ganglion neurons support the notion that mycolactone broadly
affects a broad range of Sec61 substrates including secreted
proteins and diverse integral membrane proteins excluding tail
anchored proteins and type III membrane proteins that are
initially inserted through activity of the EMC complex.44 Further
animal work demonstrated that Sec61 is the host receptor medi-
ating mycolactone's diverse immunomodulatory effects,43

although interactions with other factors may also contribute to
mycolactone's effects on the actin cytoskeleton45 and its analgesic
properties.46Displacement of secretory proteins into the cytosol by
mycolactone triggers a cytosolic integrated stress response inde-
pendently of the unfolded protein response in the ER.47,48 Because
of its immunosuppressive properties, analogs of mycolactone are
being pursued as potential anti-inammatory agents.49

2.4 Eeyarestatin I

Eeyarestatin I (ESI, Fig. 3) was originally identied as a stabilizer
of the known ERAD substrate MHC class I heavy chain.50 In this
study, ESI was shown to stabilize two known ERAD substrates
without general effects for proteasomal degradation of ubiquiti-
nated substrates. Later treatment of cells with micromolar
concentrations of ESI was shown to result in inhibition of ER
insertion of a number of cotranslationally inserted substrate
proteins, which was also recapitulated in biochemical ER inser-
tion assays, however 250 mM ESI was required to detect effects in
these in vitro experiments.51 A recent study demonstrated that ESI
induces Ca2+ leakage from the lumen of the ER, which is
apparently caused by ESI binding and inhibition of Sec61,52

suggesting that ESI binding to Sec61 might stabilize the channel
in a partially open ion-conductive conguration and that Ca2+

leakage may be an important contributor to the cytotoxic effects
of ESI. However, it should be noted that the direct binding
partner of ESI has not been demonstrated by for example direct
crosslinking or affinity chromatography approaches and there-
fore the exact mechanism of ER import inhibition by ESI remains
incompletely understood. Furthermore, it has been suggested
that ESI has dual targets (Sec61 and p97) and modulate ER
insertion (via Sec61) and the ERAD pathway (via p97, see below).53

It appears that a truncated version, ES24 (Fig. 3) has Sec61
selectivity (over p97),52 although it remains currently unclear to
what extent the observed phenotypic effects of ESI can be
attributed to specic inhibition of Sec61.

2.5 Decatransin

Decatransin (Fig. 3) is a novel decadepsipeptide isolated from
the fungus Chaetosphaeria tulasneorum and found to inhibit
growth of mammalian cells with nanomolar potency and also
the yeast S. cerevisiae with an IC50 of approximately 2 mM.54
This journal is © The Royal Society of Chemistry 2020
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Chemogenetic screens in yeast suggested that decatransin
would act by targeting the Sec61 complex in a similar manner as
cotransin. Further, a genome-wide mutagenesis screen was
carried out in yeast cells and identied several heterozygous
point mutations in the SEC61 gene, encoding the Sec61a
subunit of the Sec61 translocon. Even further, a similar muta-
genesis screen in human cells identied yet more decatransin
resistance mutations, establishing the Sec61 translocon as the
direct decatransin target in fungal and mammalian cells with
high certainty. It was shown that decatransin also inhibits co-
and posttranslational ER translocation in both yeast and
mammalian cells. This activity was shown to be independent of
the sequence of the ER targeting signal peptide, which suggests
that unlike cotransin, decatransin would act as a substrate-
nonselective inhibitor of Sec61.54 Based on the ample muta-
genesis data, it appears that binding of decatransin to Sec61 is
similar, but distinct compared to cotransin.

2.6 Ipomoeassin

Ipomoeassin F (Fig. 3) is one of the recent NPs described to
specically interfere with ER protein import. Ipomoeassins A–E
are related amphiphilic glycolipids produced by the morning
glory family plant Ipomoea squamosa, which were identied to
inhibit proliferation of A2780 human ovarian cancer cells with
a range of potencies.55 Later, a new member of the ipomoeassin
family, ipomoeassin F was discovered56 and shown to be the
most potent cytotoxin of the family with single-digit nanomolar
inhibition against many cancer cell lines.57 Ipomoeassins
contain a unique glycoconjugate structure, which prompted
many groups to pursue its total synthesis.57,58 Having a facile
synthesis method available allowed design of several ipo-
moeassin F probe molecules and attempts to directly identify its
cellular target. Despite containing a potent Michael acceptor
electrophile, it appears that ipomoeassin F does not bind its
target covalently.59 However, immobilizing ipomoeassin F
allowed attempts to identify its interaction partner by affinity
chromatography, which revealed an approximately 40 kDa
protein species which was identied as Sec61a.59 This nding
was supported by competitive photo-cotransin binding experi-
ments and biochemical experiments demonstrating that also
ipomoeassin F inhibited protein ER import apparently in
a substrate-nonselective manner. In cells, ipomoeassin F
inhibits the production of secreted and glycosylated proteins
without affecting production of cytosolic proteins. Heterozy-
gous expression of earlier characterized Sec61a point mutations
conferring resistance to cotransins, apratoxin and myco-
lactone18,27,43 revealed broad resistance to ipomoeassin F cyto-
toxicity demonstrating the connection between ER import
inhibition and cytotoxic effect for ipomoeassin F. The observed
difference in patterns of resistance mutations against ipo-
moeassin F and other Sec61 inhibitors suggests it binds
a similar site on Sec61a, but in a distinct manner.

2.7 Coibamide A

The latest NP to join the assorted collection of potent and
specic inhibitors of Sec61 is coibamide A. Coibamide A is an N-
This journal is © The Royal Society of Chemistry 2020
methyl-stabilized lariat depsipeptide that was originally isolated
from a Caldora species marine cyanobacteria from Panama.60

Coibamide A was observed to inhibit cell cycle progression of
human glioblastoma cell lines and decrease their migratory and
invasive capacity. Further, in xenogra models of glioblastoma,
coibamide A was shown to inhibit tumor growth, although
within a narrow therapeutic window.61 In addition, coibamide A
induces mTOR-independent macroautophagy in mammalian
cells.61,62 Development of several total synthesis methods have
recently resulted in renement of the absolute conguration of
the natural product63–65 and allowed pursuing its cellular target.

Coibamide A potently inhibits biogenesis of the integral
membrane protein vascular endothelial growth factor receptor 2
(VEGFR-2) and its secreted ligand VEGF-A.61 Very recent work
explored coibamide A structure–activity relationships to develop
a potent coibamide A photoaffinity probe.66 Photocrosslinking
experiments with this probe in isolated ER microsomes demon-
strated specic crosslinking to a 40 kDa ER protein, which can be
competed by known Sec61 ligands apratoxin A and mycolactone.
Pulse-chase metabolic labeling experiments demonstrate that
coibamide A potently inhibits cellular production of secreted and
glycosylated proteins without impacting production of cytosolic
proteins, consistent with substrate-nonselective inhibition of
Sec61-mediated ER protein import. This notion was further
supported by ER import inhibition of multiple classes of Sec61
substrate proteins in biochemical experiments using puried ER
microsomes and in vitro translation.66

However, despite having apparently identical substrate-
nonselective mechanisms for inhibiting Sec61 ER import, the
three structurally diverse Sec61 inhibitors coibamide A, apra-
toxin A and mycolactone exhibit differential resistance to many
Sec61 resistance mutations. Finally, a comparative analysis of
the cytotoxic effects of these three Sec61 inhibitors towards
cancer cell lines in the NCI-60 cancer cell line panel revealed
a surprising difference in the cell types that were potently
sensitive to the different Sec61 inhibitors.66 This is highly
surprising considering that all of the compounds target Sec61 at
the same site with a seemingly identical biochemical mecha-
nism, and further suggests that modications of Sec61 inhibi-
tors may allow a surprising degree of cell type selectivity against
different histological cancer cell types. In support of this notion,
modications to the natural structures of apratoxin A and coi-
bamide A have already yielded new inhibitors with reduced
general cytotoxic effects while retaining their original anti-
tumor efficacy in tumor xenogra models.30,32,67
3. Inhibitors of secretory protein
modification and maturation
3.1 Tunicamycin

The tunicamycin antibiotics (Fig. 4) were identied from Strep-
tomyces lysosupercus and exhibit potent antibacterial activity
against various Gram-positive bacteria.68 Tunicamycins are
nucleoside antibiotics that contain a uracil base attached to a C11

tunicamine sugar, glycosylated at C11 by a GlcNAc sugar and N-
acylated at C10 by a C12-C15 fatty acid. Tunicamycins exhibit broad
Nat. Prod. Rep., 2020, 37, 717–736 | 723
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Fig. 4 Inhibitors of secretory protein modification and maturation. Structures of N-glycosylation inhibitors, tunicamycins, and signal peptide
processing inhibitors, cavinafungins. Red color indicates key moieties for activity. Structural features in blue are contributory to activity.
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antimicrobial activity against a range of Gram-positive bacterium
particularly Bacillus genus members (MIC 0.1–20 mg mL�1), but
also exhibit signicant cytotoxicity towards mammalian cells as
a result of their ability to inhibit biogenesis of N-linked glyco-
proteins.69,70 Interest in tunicamycins later led to the discovery of
their biosynthetic gene cluster.71 In bacteria, the direct target of
tunicamycin, MraY, is a translocase, which catalyzes the rst step
during the biosynthesis cycle of bacterial peptidoglycan. Tunica-
mycin reversibly inhibits MraY with a Ki of 0.6 mM.72 Structure of
tunicamycin bound to E. coli MrayY73 and its eukaryotic target
enzyme, GlcNAc-1-phosphate transferase74,75 required for N-
linked glycoprotein biosynthesis were reported. These struc-
tures revealed a clear difference in tunicamycin interactions
between MraY and GPT and this allowed rapid structure-guided
design of a modied tunicamyin analog with high selectivity for
MraY over GPT (IC50 640 nM versus 15 mM, respectively),74 sug-
gesting the possibility to develop tunicamycin as a selective
antimicrobial agent.

Very recently, the total synthesis of tunicamycin V (Fig. 4) has
been described,76 which led to synthesis of a series of tunica-
mycin analogs and generation of a structure–activity dataset for
tunicamycin's antibacterial activity.77 Inhibition of N-glycosyla-
tion by tunicamycin treatment has been shown to overcome
chemoresistance in a multidrug-resistant gastric cancer cell
line.78 Because of its ability to robustly induce ER stress
resulting from rapid misfolding of newly synthesized glyco-
proteins within the ER lumen, tunicamycin has become
a powerful probe for studying ER protein misfolding and ER
stress pathways.79
724 | Nat. Prod. Rep., 2020, 37, 717–736
3.2 Cavinafungin

Cavinafungins (Fig. 4) were initially extracted from cultures of
fungus Colispora cavincola isolated from plant matter from
Argentina and demonstrated to exhibit antifungal activity
against many fungal species.80 Determination of the absolute
conguration demonstrated that cavinafungins are linear lip-
opeptides that contain a terminal aldehyde residue80 and
exhibit broad antifungal activity against Candida species (MIC
0.4–4 mg mL�1) and a reduced potency against the lamentous
fungi Aspergillus fumigatus (MIC 8 mg mL�1). Cavinafungins A
and B are nearly identical lipopentapeptides, which only differ
in acetylation of a serine sidechain (Fig. 4). A one-pot solid-
phase total synthesis of cavinafungin B has recently been
reported.81

Cavinafungin A was discovered to inhibit replication of
dengue and Zika viruses with a potency ranging from 4 to
400 nM IC50, and strongly depending on presence of the
terminal aldehyde, suggesting a covalent mechanism of inhi-
bition.82 A genome-wide siRNA screen in mammalian cells
suggested the ER signal peptidase complex as a possible target
of cavinafungin A and this was further supported by chemo-
genetic screens carried out in yeast cells. A mutagenesis
approach focused on ER signal peptidase subunit genes
revealed a range of mutations conferring cavinafungin A resis-
tance exclusively in the catalytic signal peptidase subunit
SEC11, whereas mutations in the other three subunits were not
observed, suggesting that cavinafungin A directly targets the
SEC11 subunit in the signal peptide binding cle, possibly
directly competing with substrate binding.82 Cavinafungin A
This journal is © The Royal Society of Chemistry 2020
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prevents dengue virus replication at considerably lower (IC50 1–
5 nM) concentrations compared to what is required to induce
host cell cytotoxicity (CC50 800–18 000 nM).82 Further, because
most aviviruses appear to depend on the ER signal peptidase
activity for their replication, cavinafungins could be attractive
lead compounds for development of broadly acting therapeutics
against avivirus infections.
4. Inhibitors of protein trafficking
4.1 Brefeldins

Brefeldin A (BFA, Fig. 5) is a fungal natural product lactone that
was originally isolated in the 1950s from Penicillium decum-
bens.83 More recently, several analogues have been identied
from fungi of the genus Penicillium derived from soil and
marine sediments, including the marine Penicillium spp. PSU-
F44 (ref. 84) and DT-F29,85 and terrestrial Penicillium janthi-
nellum.86 The recent synthesis and discovery of new brefeldin A
analogs has been reviewed in detail.87 Numerous analogues
were synthesized to improve drug-like properties and various
prodrug strategies were considered as well (Fig. 5).87

BFA is a classical tool compound used in cell biology studies
as a secretion inhibitor because of its action on the Golgi
apparatus and endosomes.88,89 The elucidation of its mecha-
nism of action led to the concept of interfacial inhibition as
a way to stabilize protein–protein interactions (PPI) instead of
inhibiting PPI90 (Fig. 6). BFA displays specic effects on
membrane trafficking by affecting small G-proteins of the ADR-
ribosylation factor (ARF) family, which regulate cellular traffic
by GDP/GTP cycling and consequent capacity to interact with
GTP-bound effectors. ARF proteins are N-myristoylated to
promote membrane association when GTP bound.89 The
Fig. 5 Structures of brefeldin A, and natural and synthetic prodrug ana
skeleton to develop prodrugs are numbered and modifications indicated

This journal is © The Royal Society of Chemistry 2020
activation of ARF is facilitated by Arf-guanine nucleotide
exchange factors (ArfGEFs) which are characterized by
a conserved catalytic domain consisting of �200 amino acids,
termed Sec7 domain, involved in Arf binding.91 BFA is an
uncompetitive inhibitor of ARF at the Golgi, blocking the Arf-
GEF mediated Arf-GDP/GTP guanine nucleotide exchange
reaction.92

BFA does not bind to GEF alone but to the Arf-GDP-Sec7
domain complex (Fig. 6), sequestering GEFs in an abortive
conformation and acting as a “dominant negative”.93 In
a remarkable mechanism, BFA inserts into the hydrophobic
pocket transiently formed in the Arf-GDP-Sec7 complex, pre-
venting conformational changes required for nucleotide
exchange and requisite catalytic contact. The crystal structure has
been solved,94,95 providing the basis for the discovery of novel GEF
inhibitors and possibly modulate their specicity. Because BFA
contacts both ARF-GDP and ArfGEF in this complex, BFA has
specicity for a subset of both ArfGEFs and ARF GTPases.96 Arf-
GEF family members, 15 of which are encoded in the human
genome, can be classied based on their BFA sensitivity.

GTP bound Arf recruits coat proteins including the COPI
complex to induce budding of coated carrier vesicles (Fig. 6).
ArfGEFs confer spatial and temporal specicity to vesicular
transport.90 Phenotypically, BFA induces the release of vesicle
coat proteins, including COPI and clathrin coat subunits, into
the cytosol. BFA affects integrity of subcellular compartments
including Golgi apparatus and endosomes, inhibiting the
secretion and re-distributing Golgi membrane proteins to the
endoplasmic reticulum (ER). Of note, several BFA effects are
species specic, which requires caution when interpreting
results in certain systems.88,89
logues that retained potent activity. Sites of modification of the core
in blue.
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Fig. 6 ARF GTPase activation by GDP/GTP exchange factors to regulate vesicle formation and unusual uncompetitive mechanism of action of
BFA, which led to the concept of interfacial inhibition, where protein complexes are stabilized near interacting interfaces. (1) GDP-bound ARF
associates with GEF. (2) Conformational change of ARF is required to stimulate GDP dissociation. (3) GEF catalyzes the activation of ARF through
GDP/GTP exchange and the complex now tightly associates with the donor membrane. (4) ARF-GTP recruits effectors, including coat
components (coat proteins, cargo) from the cytosol, and also GTPase activating protein (GAP), which usually catalyzes the inactivation of ARF-
GTP, closing the GDP-GTP cycle (40). (5) GAP appears to be inactive when bound to the coat-containing complex, presumably driving coat
polymerization, budding and vesicle formation. GAP becomes active in this conformational complex state, leading to GTP hydrolysis coat and
GAP release and the uncoated vesicle is able to fuse with an acceptor membrane (not shown). (30) In the presence of BFA the low-affinity
complex is trapped through binding of BFA at the interface of ARF-GDP and the Sec7 domain of GEF. Binding of BFA to the Arf-GDP-Sec7
domain complex blocks GDP/GTP exchange on ARFs and consequently vesicle coat recruitment and vesicle formation. The ultimate result is the
release of coat components into the cytosol and prevention of membrane trafficking.
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4.2 Discovery of GEF and other secretory pathway inhibitors
inspired by brefeldin A

BFA provide the inspiration for structure-based screening,
which identied LM11 (Fig. 7) that targets BFA-insensitive
GEFs, including ARNO (CYTH2).97 Both BFA and LM11 affect
activation of class I ARFs (ARF1-3) and class II ARFs (ARF4 and
5) but not ARF6. Phenotypic screens of endocytic and secretory
transports yielded Secin H3 (Fig. 7), which also bind to Sec7 of
ArfGEFs. Secin H3 inhibits cytohesins, which leads to insulin
resistance.98 Golgicide A (Fig. 7) was discovered to selectively
inhibit GBF1, which is the ArfGEF that activates ARF1 and
recruits COPI to the cis-Golgi membranes. The mechanism of
action by BFA might be generally exploited to discover more
selective drugs, and not only at the level of ARF and GEFs.
Similarly, inhibitors of other GTPases besides ARF have been
726 | Nat. Prod. Rep., 2020, 37, 717–736
identied, including inhibitors of RhoGEFs activation. Ras
GTPases might also be targeted in a similar fashion.96

In other phenotypic screens, Exo1 and Exo2 (Fig. 7) were
identied using an image-based screens.99,100 Dynasore (Fig. 7),
a cell permeable inhibitor of dynamin as probe for dynamin-
dependent clathrin coat formation, was discovered to block
synaptic vesicle endocytosis.101,102 Secramine (Fig. 7) was
discovered as a potential new tool to dissect Cdc42 function
from that of other Rho GTPases.103
5. Natural products that indirectly
influence secretory capacity of the ER
5.1 SERCA inhibitors: thapsigargin and basiliolides

Thapsigargin (Fig. 8) is a structurally complex sesquiterpene
lactone that was originally isolated in 1978 from roots and fruits
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 BFA-inspired secretory pathway inhibitors via structure-based or phenotypic screening.
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of the plant Thapsia garganica and observed to potently liberate
histamine from mast cells of the skin.104 In early 1990's several
studies demonstrated the ability of thapsigargin to induce
apoptosis in several cancer cells.105–108 However, later studies
demonstrated that thapsigargin is similarly cytotoxic against
malignant and normal cells, limiting its therapeutic potential.
Thapsigargin induces cytotoxicity by elevating cytoplasmic Ca2+

levels at subnanomolar concentrations by inhibiting the sarco-
endoplasmic reticulum Ca2+-ATPases (SERCAs).109,110 The X-ray
crystal structure of SERCA bound to thapsigargin revealed the
thapsigargin structural conformation and detailed interactions
with SERCA.111 In the crystal structure, a large rearrangement of
the SERCA channel was observed, providing a structural expla-
nation for how thapsigargin binding induces a passive leakage
of ER lumenal Ca2+ into the cytosol. Despite many challenges,
Fig. 8 Structures of SERCA inhibitors (thapsigargin and its prodrug mipsa
modulators of secretory capacity though cation import regulation. Struct
blue.

This journal is © The Royal Society of Chemistry 2020
several synthetic routes for synthesis of thapsigargin and
analogues have been developed by different laboratories
(reviewed in ref. 112).

The generally cytotoxic nature of thapsigargin has pre-
vented its development as an anticancer agent, but recently its
use as a cancer-targeting prodrug has been explored. In this
strategy, a polypeptide was attached to the thapsigargin C8
position (Fig. 8), which targets the fusion compound to
metastatic deposits of androgen independent prostate
cancer.113 This fusion peptide is designed to be cleaved by
a prostate tissue-specic protease (PSA), which is only
produced in high levels in the extracellular space of metastatic
prostate cancer cells. Aer extracellular cleavage, the released
hydrophobic thapsigargin can enter the cancer cells and
promote Ca2+-mediated cell death. Importantly, the prodrug
gargin, and basiliolide A1) and the K+ ionophore valinomycin as indirect
ural differences between thapsigargin and mipsagargin are indicated in

Nat. Prod. Rep., 2020, 37, 717–736 | 727
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mipsagargin (Fig. 8), is inactive against SERCA, which helps to
minimize off-target cellular cytotoxicity. Mipsagargin is
currently investigated in late stage clinical trials against
prostate cancer, progressive glioblastoma and hepatocellular
carcinoma.114

Later, basiliolides, a class of sesquiterpenes also isolated
from T. garganica, were identied as structurally distinct SERCA
inhibitors in sea urchin eggs115 and subsequently in mamma-
lian cells.116 Despite triggering ER Ca2+ release, basiliolide A1
(Fig. 8) does not trigger apoptosis similarly as thapsigargin,
suggesting it inhibits the SERCA pump with a distinct mecha-
nism.116 A synthetic strategy for basiliolides has been
reported.117
5.2 Potassium ionophore: valinomycin

Valinomycin (Fig. 8) is a cyclic dodecadepsipeptide isolated
from several Streptomyces species.118,119 Valinomycin acts as
a highly K+-specic ionophore120 making biological membranes
selectively permeable for K+.121 Valinomycin was discovered to
prevent upregulation of BIP expression as a response to ER
stress.122 The valinomycin biosynthetic gene cluster has been
identied.123,124 Interestingly, valinomycin was identied in
a phenotypic screen for substrate-selective small molecule
inhibitors of prion protein.125 In this study, valinomycin
surprisingly inuenced biogenesis of hamster prion protein
Fig. 9 The branches of the ER stress pathways. Under unstressed con
sensors but upon activation by unfolded proteins GRP78 dissociates from
modulated, especially the IRE1a and PERK pathways (see text).

728 | Nat. Prod. Rep., 2020, 37, 717–736
without effects on biogenesis of human prion protein and this
difference was attributed to differences in the sequence of the
prion protein ER targeting signal peptide.125 However, how
perturbation of cellular K+ homeostasis leads to signal peptide-
dependent inhibition of prion protein ER insertion remains
unknown.
5.3 UPR modulators

At least some of the Sec61 inhibitors discussed above in
Sections 2.1–2.7, which do not enter the ER, were shown to
downregulate the UPR by depleting some of the key proteins
(BIP/GRP78 and others). In turn, activation of the UPR upon
accumulation of unfolded/misfolded proteins in the ER causes
ER stress and also affects protein secretion, along with other
processes, depending on the specic branch of UPR being
modulated. In mammalian cells, there are three UPR signaling
branches: (1) IRE1a-XBP1, (2) PERK-ATF4-CHOP, and (3) ATF6
cassette.126 GRP78 regulates all three branches (Fig. 9).

There is a delicate balance whether UPR induction causes
apoptosis or cellular protection, depending on pathway/branch
and target but also extent/duration of activation etc., and
modulators in both directions might be of therapeutic
relevance.126

5.3.1 Inhibitors of XBP1 mRNA splicing: trierixins and
toyocamycin. IRE1a is an ER-resident transmembrane kinase/
ditions, GRP78 associates with the three membrane-bound ER stress
them, which triggers parallel pathways that can be pharmacologically

This journal is © The Royal Society of Chemistry 2020
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endoribonuclease (RNase) that associates with GRP78. Upon
dissociation from GRP78, IRE1a oligomerizes and autophos-
phorylates, which in turn activates the RNase activity and
subsequent XBP1 mRNA splicing to create an active XBP1
transcription factor. XBP1 mRNA splicing is believed to
promote cell survival,126 particularly of multiple myeloma
cells.127 However, upon dimerization (instead of oligomeriza-
tion), IRE1a can also cleave ER-associated RNAs through
Regulated IRE1-Dependent Decay (RIDD) which rather triggers
apoptosis,126 necessitating tools to direct the downstream
phenotypic response to ultimately develop therapeutics.

Using an XBP1-luciferase reporter screen in HeLa cells, tri-
erixin and quinotrierixin (Fig. 10)128,129 were discovered from
Streptomyces spp. as inhibitors of XBP1 activation by thapsi-
gargin- and tunicamycin-induced ER stress.128,129 This activity
was further validated by monitoring endogenous XBP1 splicing
using RT-qPCR at nanomolar concentrations (IC50 30 ng mL�1).
However, these and related compounds of the triene-ansamycin
family of natural products possess pleiotropic biological activ-
ities, limiting their use as potential probes. Nevertheless, this
activity might contribute to the antitumor properties and
partially explain the inhibition of EGFR signaling.

Toyocamycin (Fig. 10) is produced by an actinomycete strain
and identied as an inhibitor of ER-stress induced XBP1 acti-
vation.127 This natural product selectively affects the IRE1a-
XBP1 branch without impinging on the activation of PERK and
ATF6. It also does not affect IRE1a phosphorylation, acting
more downstream at the level of XBP1.127 While toyocamycin is
also an RNA synthesis inhibitor, the XBP1 splicing inhibition
occurs at �150 fold lower concentrations (IC50 12 mM vs. 0.08
mM in HeLa cells). SAR studies indicated the importance of the
adeninemoiety for the splicing inhibition. MM cells with higher
levels of spliced XBP1 were particularly susceptible to
toyocamycin.127
Fig. 10 Inhibitors of XBP1 mRNA splicing. Structural changes relative to r
reactive group for prodrug B-I09 in red.

This journal is © The Royal Society of Chemistry 2020
Recently, a potent covalent natural product-like IRE1a RNase
inhibitor was developed based on a tricyclic chromenone scaf-
fold, targeting the RNase domain of IRE1. This compound (B-
I09) contains a masked aldehyde functionality acting as a pro-
drug to target lysine 907 in the RNase domain of IRE1a through
specic Schiff base formation.130 The efficacy of B-I09 in B-cell
cancer provided evidence that the IRE-1/XBP1 pathway
reduces leukemic cell survival. In addition to multiple
myeloma, these inhibitors show potential to treat mature B cell
leukemia and lymphoma. Its application can further be
extended to other c-Myc driven cancers.131 A uorescent version
of the inhibitor (D-F07) was recently reported that enables
precise temporal control for the prodrug activation.132

5.3.2 Activators of PERK pathway: cephalostatin and rit-
terostatin GN1N. The bis-steroidal pyrazine spiroketals, ritter-
azines and cephalostatin (Fig. 11), are natural products derived
from marine tunicates and tube worms.133–135 Cephalostatin 1
(Fig. 11) was found to activate the ASK1-JNK pathway and
induce apoptosis via an unusual caspase 4-dependent mecha-
nism (upstream of caspase 9) linked to UPR induction. In
leukemia cells it was rst shown to induce GRP78 expression
and transiently and rapidly increase levels of cell death modu-
lator CHOP/GADD153 and phosphorylation levels of EIF2a by
PERK.136

While these compounds have been found to target oxysterol-
binding protein (OSBP) and related proteins,137 there is no
obvious correlation to ER stress induction and apoptosis.136

Using immunoaffinity chromatography with ritterostatin GN1N
(ritterazine-cephalostatin hybrid, Fig. 11), the ER-resident
chaperone GRP78 (BIP) was identied as the dominant
specic intracellular target of the compound, along with other
HSP70 heat shock proteins to minor degrees.138 ITC with
recombinant protein and hybrid GN1N (KD 190 nM) or cepha-
lostatin (KD 679 nM) validated the direct interactions between
espective parent compounds are indicated in blue and the masked and

Nat. Prod. Rep., 2020, 37, 717–736 | 729
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Fig. 11 PERK pathway activators with differential selectivity. Cepha-
lostatin-ritterazine hybrid was shown to have selectivity for the PERK
branch, while withaferin A is non-selective. For ritterostatin GN1N, red
and blue colors indicate cephalostatin 1 and ritterazine B fragments,
respectively. Probe position and label are indicated in green.
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GRP78 and this compound class. The binding site was identi-
ed to be the C-terminal domain by testing both domains of
GRP78 individually. The N-terminal ATPase site was not
730 | Nat. Prod. Rep., 2020, 37, 717–736
targeted, consistent with the lack of inhibition of the ATPase
activity. However, KD values for other HSP70 proteins are similar
and GRP78 selectivity conrmed to be a result of the predomi-
nant localization in the ER.138 Obviously the relevant pharma-
cological effects are the result of a combination of affinity and
subcellular localization.

GRP78 binding has been linked to UPR induction and the
most affected branch was found to be the PERK arm since EIF2a
phosphorylation was increased at lower concentration
compared with downstream targets of the IRE1a arm (see
above), including XBP1 and ATF4 (Fig. 9).138 GRP78 as a marker
of the UPR was also strongly increased in HCT116 cells. While
not conrmed yet, it is plausible that the induction of the UPR
via the PERK arm is responsible for the antitumor and apoptotic
activity of this compound class,138 although a net effect from
multiple target interactions might also be likely.

5.3.3 PERK and XBP1 mRNA splicing inducer with pleio-
tropic activities: withaferin A. Withaferin A (Fig. 11) isolated
from the medicinal plant Withania somnifera is a steroidal
lactone that exerts its anticancer activity in various cell types via
multiple mechanisms. Like for cephalostatins, the apoptotic
activity is due to caspase 4 activation, characteristic for several
ER stressors.139 However, there is no selectivity among the UPR
branches as the compound induced GRP78, CHOP and ATF4
levels as well as XBP1 mRNA splicing and eIF2a phosphoryla-
tion at the same concentrations and time points in a given cell
line.139 Withaferin A has also been shown to affect many other
signaling pathways, impairing NFkB, Akt and Notch, while
inducing p35 MAPK, FOXO3a, Par-4, Bim and death receptor 5
(DR5) (see references in ref. 139). The UPR and ER stress
induction appears to be a downstream event that then triggers
apoptosis. Furthermore, it was shown to induce autophagy that
gets impaired at a later stage and inhibits proteasomal degra-
dation simultaneously.140 The PERK arm can activate autophagy
in most cancers.

5.3.4 Kinase inhibitors of IRE1a and PERK: ATP mimics.
ATP-competitive inhibitors are ATP mimics and can therefore
be considered natural product inspired. Type I and type II
kinase inhibitors (Fig. 12) that target different conformations
can be used to modulate inhibit IRE1a and modulate RNase
activity in opposing fashion.141 Type I inhibitors stabilize the
active conformation and allosterically activate the adjacent
RNase domain, stimulating XBP1 mRNA splicing in the
absence of ER stress. In turn, type II inhibitors, which stabi-
lize an inactive conformation of the ATP-binding site, and
thereby suppress RNase activity and inhibit XBP1 mRNA
splicing. However, there is no evidence that the effects on
IRE1a by kinase inhibitors have UPR-related anticancer
activity.126

The PERK branch can be selectively inhibited by
GSK2656157 and related compounds.142 These compounds
prevent ER-stress induced autophosphorylation of PERK and
consequently inhibit EIF2a substrate phosphorylation in
vitro.143 However, in vivo data did not provide evidence of PERK
inhibition; specicity is an issue with the current lead
compound and RIPK1 inhibition is probably more relevant.144
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Representative ATP-competitive IRE1a and an advanced PERK
inhibitor but with relevant RIPK1-inhibitory activity. Adenine-pocket
interacting units (mimics) are indicated in blue.

Fig. 13 Structures of GH47 family a-mannosidase inhibitors as ERAD
inhibitors. Kifunensine is 100-fold more potent than 1-deoxy-
mannojirimycin. Structural differences are indicated in red. Hydroxy
groups that coordinate the essential Ca2+ in the active site are indi-
cated in blue.
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In addition to natural products and natural product-like
compounds, there are now numerous synthetic pharmacolog-
ical agents that target the various branches of the UPR as
positive and negative regulators, and their efficacy is being
assessed in various disease states where unfolded protein
accumulation plays a critical role.145
5.4 ERAD

ER-associated degradation (ERAD) alleviates ER stress and
maintains ER homeostasis. It is a complementary mechanism
to autophagy which can also clear protein aggregates gener-
ated by improper protein folding in the ER. Proteins
commonly undergo N-glycosylation upon ER entry and this
multi-step process requires the action by several enzymes. The
resulting N-glycan structures promote glycoprotein folding,
while mannose-trimmed structures are directed towards
ERAD.126 In mammalian cells, ER degradation-enhancing a-
mannosidase-like proteins (EDEMs), ER Mannosidase I (ER
ManI) and Osteosarcoma amplied-9 (OS-9) ensure the
routing of misfolded proteins, while p97 ATPase is required
for functional ERAD.146

The proteasome in the cytosol takes part in ERAD at a later
stage by ubiquitin-dependent degradation. Several proteasome
inhibitors are FDA approved, including carlzomib based on
epoxomicin produced by actinomycetes.147 In this brief section,
however, we focus on the upstream ER events.

5.4.1 Mannosidase I inhibitors: kifunensine and 1-deoxy-
mannojirimycin. Kifunensine (Fig. 13), isolated from the acti-
nomycete Kitatosporia kifunense 9482, is an unusual oxalamide-
fused iminosugar that inhibits a-mannosidases of glycoside
hydrolase (GH) family 47 with high specicity at low-nanomolar
This journal is © The Royal Society of Chemistry 2020
concentrations.148 Kifunensine-sensitive a-mannosidases
include ER mannosidase I, EDEMs 1, 2 and 3 as well as Golgi
mannosidase I. This compound has become a powerful tool
compound for the targeted manipulation of the N-glycan
structure. The co-crystal structure with Homo sapiens GH47 a-
mannosidase has been solved at 1.75 Å, providing the structural
basis and essential role of Ca2+ by stabilizing the 1C4 confor-
mation, which is the same “ring-ipped” conformation as for 1-
deoxymannojirimycin (Fig. 13).149 The catalytic mechanism
appeared to be novel and more recent conformational analyses
with kifunensine based on quantum mechanics and structural
studies highlighted the unique ability of this compound to
access conformational free-energy landscapes (FELs) not
accessed by other GH inhibitors.150 Kifunensine mimics the
product state of GH47 enzymes without being able to mimic
relevant conformational states for other glycosidase families,
guaranteeing the observed specicity. The mechanism high-
lights the critical importance of shape, achieved here through
fusion of the bridge and sp2 hybridization of the endocyclic
amide nitrogen. The natural product structure as well as
mechanism can provide the inspiration for the design of other
selective GH inhibitors.

5.4.2 Eeyarestatin I. In addition to its capability to inhibit
protein import into the ER (discussed in Section 2.4), Eeyarestatin
I (ESI, Fig. 3) also has distinct effects on turnover of proteins that
are retrotranslocated by the ERAD pathway for cytosolic destruc-
tion.50 ESI was demonstrated to interact with the cytosolic ERAD
factor p97 required for extraction of polyubiquitinated ERAD
substrate proteins from the ER membrane, which could account
for the ability of ESI to stabilize ERAD substrate proteins in
cells.151 Another study demonstrated that ESI interacts with p97 in
biochemical experiments with an estimated KD of 5–10 mM.53

Further support for targeting of p97 was provided by the nding
that p97 knockdown by siRNA abolished ESI's ability to inhibit
ERAD substrate degradation. The ability of ESI to trigger an ER
stress response may contribute to its cytotoxicity against
mammalian cells.152 In another study, ESI was demonstrated to
Nat. Prod. Rep., 2020, 37, 717–736 | 731
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interfere with vesicular trafficking of a Shiga-like toxin.153 This
suggests that mechanisms by which ESI modulates different
aspects of protein trafficking may be more complex than previ-
ously appreciated and it is currently difficult to correlate the
diverse cellular phenotypes induced by ESI to modulation of
a specic target factor.
6. Therapeutic potential and
opportunities for protein secretion
modulation

The secretory pathway has emerged as an attractive yet complex
target for therapeutic intervention, due to the multitude of
secretory molecules and their disease involvement.145,154–156 Since
protein secretion is an essential pathway for mammalian cell
physiology, selective modulation of pathway components is
required for ultimate translational success and for development
of selective pharmacological tools to further understand the
biology which is by no means fully illuminated yet. As we have
described, in many cases natural products identied through
phenotypic screening campaigns have provided the motivation
and starting points for chemical biology approaches to identify
and characterize the direct biological targets or target complexes.
As one example, inhibitors of protein maturation and trafficking
have historically been identied and have served as important
chemical tools to provide insight into the pathways they inhibit,
once their mechanisms had been successfully established. BFA is
a prime example for the fact that studying the mechanism of
action of natural products can yield unique mechanisms of
action. Subsequently these natural products provide the inspira-
tion for other screening and synthetic campaigns. Until recently
the therapeutic development of secretion pathway modulators
has not been perceived feasible, which has prevented their
rigorous pursuit in part due to on-target or pleiotropic off-target
toxic effects. However, in recent years increased efforts have
been directed to more seriously interrogate the therapeutic
potential of protein secretion modulators through analogue
synthesis and prodrug strategies, while developing an increased
understanding of the underlying biology. The availability of
structural information at the protein level and renement of
screening technologies have enabled increasing compound
specicity and/or identication of new chemical scaffolds. There
is renewed interest in targeting components of the UPR network
since we now are able to selectively target branches of the UPR
that ultimately affect the pharmacological and toxicological
prole of compounds, with promising XBP1 mRNA splicing
inhibitors such as B-I09 as candidates for further development
against multiple myeloma. The greatest level of activity in recent
years has been arguably at the stage of ER insertion, with the
availability of the rst ER insertion inhibitors targeting Sec61,
many of which appear to have differential pharmacological
proles due to binding to different sites and potentially confor-
mations of Sec61 in a cell type-dependent manner. While cancer
has been the predominant disease indication for all subsets of
secretory pathway inhibitors, particularly the selective modula-
tion of Sec61 gating opens up opportunities for application to
732 | Nat. Prod. Rep., 2020, 37, 717–736
other diseases where secretory substrates play a role, including
ocular angiogenic diseases, as has been already demonstrated for
specic synthetic apratoxins, whereas cotransins showed initial
promise as antivirals.

We predict that secretory pathway modulating compounds
hold great therapeutic potential and that natural products will
continue to deliver structurally diverse starting points to
directly or indirectly modulate secretion. Natural products
possess unique chemical and consequently biological proper-
ties as a result of evolutionary renement, including unusual
mechanisms of action and ability to stabilize or inhibit protein–
protein interactions. The examples showcased in this review
alone highlight the structural diversity of natural products tar-
geting the secretory pathway at different stages, but even
seemingly structurally distinct compounds were shown to
interact with the same target in a different manner, such as
Sec61. The continuous search for natural products and their
rigorous pharmacological characterization will undoubtedly
allow us to extend the druggable genome and validate previ-
ously unknown or undruggable targets or target complexes.
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7 M. Schürmann, P. Janning, S. Ziegler and H. Waldmann,
Cell Chem. Biol., 2016, 23, 435–441.

8 H. Park, J. Ha and S. B. Park, Curr. Opin. Chem. Biol., 2019,
50, 66–72.

9 T. M. Kapoor and R. M. Miller, Trends Pharmacol. Sci., 2017,
38, 1100–1109.

10 V. Van Puyenbroeck and K. Vermeire, Cell. Mol. Life Sci.,
2018, 75, 1541–1558.

11 C. A. Foster, M. Dreyfuss, B. Mandak, J. G. Meingassner,
H. U. Naegeli, A. Nussbaumer, L. Oberer, G. Scheel and
E. M. Swoboda, J. Dermatol., 1994, 21, 847–854.

12 Y. Chen, M. Bilban, C. A. Foster and D. L. Boger, J. Am.
Chem. Soc., 2002, 124, 5431–5440.

13 E. P. Schreiner, M. Kern, A. Steck and C. A. Foster, Bioorg.
Med. Chem. Lett., 2004, 14, 5003–5006.

14 I. Coin, M. Beerbaum, P. Schmieder, M. Bienert and
M. Beyermann, Org. Lett., 2008, 10, 3857–3860.

15 J. L. Garrison, E. J. Kunkel, R. S. Hegde and J. Taunton,
Nature, 2005, 436, 285–289.

16 J. Besemer, H. Harant, S. Wang, B. Oberhauser,
K. Marquardt, C. A. Foster, E. P. Schreiner, J. E. de Vries,
C. Dascher-Nadel and I. J. D. Lindley, Nature, 2005, 436,
290–293.

17 A. L. MacKinnon, J. L. Garrison, R. S. Hegde and J. Taunton,
J. Am. Chem. Soc., 2007, 129, 14560–14561.

18 A. L. Mackinnon, V. O. Paavilainen, A. Sharma, R. S. Hegde
and J. Taunton, Elife, 2014, 3, e01483.

19 S. V. Maifeld, A. L. MacKinnon, J. L. Garrison, A. Sharma,
E. J. Kunkel, R. S. Hegde and J. Taunton, Chem. Biol.,
2011, 18, 1082–1088.

20 W. Klein, C. Westendorf, A. Schmidt, M. Conill-Cortés,
C. Rutz, M. Blohs, M. Beyermann, J. Protze, G. Krause,
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