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A B S T R A C T   

Coibamide A is a potent cancer cell toxin and one of a select group of natural products that inhibit protein entry 
into the secretory pathway via a direct inhibition of the Sec61 protein translocon. Many Sec61 client proteins are 
clinically relevant drug targets once trafficked to their final destination in or outside the cell, however the use of 
Sec61 inhibitors to block early biosynthesis of specific proteins is at a pre-clinical stage. In the present study we 
evaluated the action of coibamide A against human epidermal growth factor receptor (HER, ErbB) proteins in 
representative breast and lung cancer cell types. HERs were selected for this study as they represent a family of 
Sec61 clients that is frequently dysregulated in human cancers, including coibamide-sensitive cell types. 
Although coibamide A inhibits biogenesis of a broad range of Sec61 substrate proteins in a presumed substrate- 
nonselective manner, endogenous HER3 (ErbB-3) and EGFR (ErbB-1) proteins were more sensitive to coibamide 
A, and the related Sec61 inhibitor apratoxin A, than HER2 (ErbB-2). Despite this rank order of sensitivity (HER3 
> EGFR > HER2), Sec61-dependent inhibition by coibamide A was sufficient to decrease cell surface expression 
of HER2. We report that coibamide A- or apratoxin A-mediated block of HER3 entry into the secretory pathway is 
unlikely to be mediated by the HER3 signal peptide alone. HER3 (G11L/S15L), that is fully resistant to the highly 
substrate-selective cotransin analogue CT8, was more resistant than wild-type HER3 but only at low coibamide A 
(3 nM) concentrations; HER3 (G11L/S15L) expression was inhibited by higher concentrations of either natural 
product. Time- and concentration-dependent decreases in HER protein expression induced a commensurate 
reduction in AKT/MAPK signaling in breast and lung cancer cell types and loss in cell viability. Coibamide A 
potentiated the cytotoxic efficacy of small molecule kinase inhibitors lapatinib and erlotinib in breast and lung 
cancer cell types, respectively. These data indicate that natural product modulators of Sec61 function have value 
as chemical probes to interrogate HER/ErbB signaling in treatment-resistant human cancers.   

1. Introduction 

Genes encoding membrane-bound and secreted proteins represent 
approximately one third of the protein-coding genome, and are enriched 
in what has been described as the druggable proteome [1]. Extensive 
mapping of proteins targeted by FDA-approved small molecule and 

technology-based medicines, as of 2015, predicted 70% of known drug 
targets to be either secreted, multi-pass or single-pass membrane pro
teins [1]. Most membrane-bound and secreted proteins are processed 
and sorted through the conventional ER-to-Golgi secretory pathway [2]. 
Typically, an N-terminal cleavable signal sequence or a transmembrane 
segment within a nascent polypeptide is detected by the cytosolic signal 
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recognition particle (SRP), which then targets the ribosome-nascent 
chain (RNC) complex to the surface of the rough ER through associa
tion with the SRP receptor at the ER membrane [3]. The RNC is subse
quently transferred, in a GTP-dependent manner, to the Sec61 
translocation channel and upon recognition of the signal peptide the 
Sec61 channel opens, allowing translocation of the polypeptide across 
the ER membrane. Using this mechanism, nascent polypeptides may 
pass directly into the ER lumen or, in the case of integral membrane 
proteins, move laterally into the ER membrane via the Sec61 translocon 
lateral gate, which essentially marks the entrance to the secretory 
compartment of the cell [3–5]. Numerous signaling events subsequently 
ensure correct folding, post-translational modification and forward 
trafficking of diverse arrays of mature proteins to different final desti
nations such as the cell exterior (for secreted growth factors or cyto
kines), the plasma membrane (for cell surface receptors) or ER or Golgi 
compartments (for ER resident- or Golgi-located proteins). 

Receptor tyrosine kinases (RTKs) are a superfamily of integral 
membrane proteins that are directed to the secretory pathway early in 
their biosynthesis. An understanding of this process is important as the 
availability of functional RTK receptors at the cell surface is ultimately 
regulated by the rate of new protein synthesis relative to the rate of 
receptor internalization at the plasma membrane [6]. Although these 
receptors are critical for normal cell function, their dimerization part
ners, the endogenous ligands that activate them, and signal transduction 
pathways have been the focus of intense research to advance the treat
ment of human cancer [7]. The human epidermal growth factor receptor 
(HER) family of RTKs, and associated downstream signaling pathways, 
was one of the first RTK sub-families to be targeted by mechanism-based 
cancer therapies [8,9]. For example, amplification or mutational acti
vation of HER family receptors discovered in lung [10,11], brain 
[12–14], and breast [15–18] cancers, and advances in the understanding 
of the HER signaling network, has led to the development of numerous 
HER-targeted therapies approved for use in a range of cancers with 
aberrant HER signaling [9]. Of the four receptors that comprise the HER 
family, epidermal growth factor receptor (EGFR; ErbB-1), HER2 (ErbB- 
2), HER3 (ErbB-3) and HER4 (ErbB-4), most FDA-approved drugs 
directly target the function of EGFR or HER2 [9,19]. These therapeutics 
include monoclonal antibodies, designed to block ligand-induced acti
vation or dimerization of HER receptors by targeting their extracellular 
domains, and small molecule kinase inhibitors that penetrate the cell to 
inhibit receptor catalytic function. Although originally conceived as 
effective single agent medicines, in practice multiple compensatory 
mechanisms drive acquired resistance to HER-targeted drugs in a 
pattern similar to that seen with cytotoxic chemotherapeutic agents 
[20]. In addition, both acquired and intrinsic drug resistance highlights 
a continued need for development of new cancer therapies to improve, 
or for use in combination with, standard of care [20,21]. 

In 2015 the Moasser laboratory described a fundamentally different 
way to eliminate the function of the HER3 protein [22]. Using a small 
molecule inhibitor of the Sec61 protein translocation channel, termed 
CT8, they demonstrated that HER3 expression could be selectively 
suppressed post-transcriptionally in human HER2-amplified breast 
cancer cells while sparing expression of the other three members of the 
HER family [22]. CT8 binds to the Sec61 protein translocon in a manner 
that prevents signal peptide recognition and opening of the Sec61 
channel [23]. Binding of CT8 inhibits cotranslational translocation of 
only a relatively select set of Sec61 substrate proteins, including HER3, 
and thereby blocks the ability of the nascent proteins to enter the 
secretory pathway [23]. Consistent with the action of other Sec61 in
hibitors [24,25], CT8 was found to induce proteasomal degradation of 
HER3 in breast cancer cells as a consequence of Sec61 inhibition [22]. 
This demonstration of targeted elimination of HER3 by a selective Sec61 
inhibitor, was significant as HER3 is an essential oncogenic driver in 
HER2-amplified human cancers but has historically been difficult to 
target [19,26–28]. The kinase domain of HER3 is catalytically inactive, 
yet this receptor is a strong activator of PI3K/Akt signaling and forms a 

HER2-HER3 complex that is resistant to inhibition by classic HER2- 
targeted kinase inhibitors [29–34]. Although co-translational trans
location of HER2, and therefore HER2 expression, is not disrupted by 
CT8, the CT8-induced loss of HER3 was shown to dramatically suppress 
HER2-HER3 signaling in HER2-amplified BT474 breast cancer cells 
[22]. Further, CT8 alone was minimally toxic to BT474 cells, but when 
combined with a HER2-directed kinase inhibitor, lapatinib, this com
bination induced a significant increase in apoptotic cells [22]. This 
ability of CT8 to increase the cytotoxic efficacy of a validated HER2 
inhibitor highlighted the future potential for pharmacological manipu
lation of the HER family in human cancer cells through direct modula
tion of Sec61 activity. 

CT8 is a member of a class of synthetic cyclic depsipeptides known as 
cotransins that were developed through rational design as simplified 
analogues of the fungal natural product HUN-7293 [24,35]. HUN-7293 
is a complex heptadepsipeptide that was discovered as an inhibitor of 
vascular cell-associated adhesion molecule expression [36,37], and 
subsequently found to be a specific inhibitor of the Sec61 translocon 
channel [25]. The cotransins impact secretory pathway protein 
biogenesis due to their ability to block signal-peptide recognition of 
Sec61 substrates in a manner that can be relatively substrate-selective, 
or broad-ranging, depending on the specific cotransin molecular struc
ture [38,39,22–25]. Although molecules based on the HUN-7293 scaf
fold have been the most extensively studied using chemical biology 
approaches, several other naturally-occurring molecules have since 
been found to directly target Sec61-mediated protein translocation [40]. 
These compounds include: decatransin [41] from the fungus Chaetos
pharia tulasneorum, virulence factor mycolactone produced by Myco
bacterium ulcerans [42,43],ipomoeassin F from the plant Ipomoea 
squamosa [44], and apratoxin A from the marine cyanobacterium 
Moorea producens [45–48]. In previous studies, we determined that the 
potent anticancer compound coibamide A, also from a marine cyano
bacterium, is functionally similar to apratoxin A [49–51] and binds 
Sec61 at a site that is partially shared with other Sec61 inhibitors 
[40,52]. Coibamide A was discovered in a screen for new chemical en
tities with anticancer activity and displayed potent activity against 
many human cancer cell lines including those representing triple- 
negative breast cancers [49]. In follow up studies, coibamide A 
showed evidence of dual targeting of a RTK ligand-receptor pair and 
anti-angiogenic potential within hours of exposure [50]. Coibamide A 
inhibited secreted levels of vascular endothelial growth factor A 
(VEGFA) and decreased steady state expression of vascular endothelial 
growth factor receptor 2 (VEGFR2) with low nanomolar potency [50]. 
Given the sensitivity of breast cancer cell types to coibamide A, the main 
goal of the present study was to determine if, and to what extent, 
expression of the HER family of RTKs is modulated by coibamide A. We 
also compared the action of coibamide A and apratoxin A (Fig. 1) as 
these complex cytotoxic natural products have non-identical binding 
sites [52], and thus the two could be anticipated, a priori, to have 
different selectivity profiles for Sec61 substrates in cells. 

Fig. 1. Chemical structures of the marine natural products: (A) coibamide A 
and (B) apratoxin A. 
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2. Materials and methods 

2.1. Chemicals, reagents, and antibodies 

Natural product coibamide A was isolated and purified as described 
previously [49], following re-collection of biological material by hand 
using SCUBA from Coiba National Park, Panama. Synthetic coibamide A 
was prepared at Kyoto University (Japan) according to the procedure 
described previously [52]. The materials for solid-phase peptide syn
thesis were provided from Watanabe Chemical Industries (Hiroshima, 
Japan) and FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 
The product was characterized by 1D and 2D NMR comparison with the 
natural product (Bruker AVANCE III 700 spectrometer with cryoprobe) 
and as follows: [α]23

D –60 (c 0.1, CHCl3); HRMS (ESI-TOF) calculated for 
C65H110N10O16Na [M + Na]+: 1309.7993; found: 1309.7994. The 
isolation and purification of apratoxin A from a Red Sea strain of Moorea 
producens has been described previously [53]. Coibamide A and apra
toxin A were reconstituted in 100% cell culture-grade DMSO Millipore- 
Sigma (Burlington, MA), aliquoted and stored in amber borosilicate 
glass vials at − 20 ◦C for use in biological studies. Bortezomib was pur
chased from Cell Signaling Technology, Inc. (Danvers, MA), coelenter
azine was from Promega Corporation (Madison, WI), erlotinib was from 
Enzo Life Sciences (Farmingdale, NY) and rapamycin A, brefeldin A and 
lapatinib were from Millipore-Sigma. All compounds from commercial 
sources were also reconstituted in 100% DMSO and stored at − 20 ◦C. 
Final concentrations of DMSO for in vitro studies never exceeded 0.1%. 
For studies in 96- or 384-well plates, compounds were delivered using 
an Hewlett-Packard (HP) D300 Digital Dispenser with HP Dispensing 
Software (version 3.2.2). General laboratory reagents for biological 
studies and natural product extraction and purification were from VWR 
International (Radnor, PA). HPLC-grade solvents were used for all nat
ural product isolations. All antibodies were from commercial sources 
and were used according to the recommended protocols. 

2.2. Mammalian cell culture 

Human MDA-MB-231, MDA-MB-468, MDA-MB-436, HS-578T, BT- 
474, MCF-7 breast cancer cells, 11–18, PC-9 lung cancer cell lines 
cells, and HEK-293T human embryonic kidney cells were from the 
American Type Culture Collection (ATCC, Manassas, VA). Human 293FT 
cells, for generation of lentivirus, were from Thermo Fisher Scientific 
(Waltham, MA). Human 11–18 and PC-9 lung cancer cells were a kind 
gift from Dr. Monika Davare (Oregon Health & Science University, 
Portland. OR). Upon receipt all mammalian cell lines were expanded 
and banked in cryogenic storage at low passage number to restrict the 
number of passages (≤15), and therefore time in culture, of working 
stocks relative to the validated reference stocks. 293FT cells were 
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 
fetal bovine serum (FBS; Hyclone, Logan, UT), 0.1 mM MEM non- 
essential amino acid solution, L-glutamine (6 mM), sodium pyruvate 
(1 mM), 100 U/mL penicillin, and 100 mg/mL streptomycin (1% peni
cillin/streptomycin), and Geneticin™ selective antibiotic. All triple- 
negative breast cancer cells were cultured in Minimum Essential Me
dium (MEM) with Earl’s salts and L-glutamine (Corning Life Sciences), 
supplemented with 10% FBS and 1% penicillin/streptomycin. BT-474 
cells were cultured in Hybri-Care medium with L-Glutamine and 
HEPES, supplemented with 1% penicillin/streptomycin and 10% FBS. 
MCF-7 cells were cultured in RPMI 1640 medium with GlutaMAXTM (20 
mM) and 7.5. % FBS. HEK-293T cells were cultured in DMEM supple
mented with 10% FBS, L-glutamine (2 mM) and 1% penicillin/strepto
mycin and 11–18 and PC-9 lung cancer cells were cultured in RPMI 1640 
medium with 10% FBS and 1% penicillin/streptomycin. All cells were 
grown under standard conditions and maintained at 37 ◦C in an atmo
sphere of 5% CO2. 

2.3. Plasmids, lentiviral expression, transduction and transfection 

Gaussia luciferase (Gluc) was cloned in CSCW, a self-inactivating 
lentivirus vector, under the control of the cytomegalovirus (CMV) im
mediate early promoter as previously described (Sena-Esteves 2004); 
this promoter also controls the expression of CFP separated from Gluc by 
an internal ribosome entry site (IRES). Lentiviral vectors were con
structed by co-transfecting 293-FT cells with this plasmid and Vira
Power™ Lentiviral Packaging Mix using Lipofectamine™ 2000 (Thermo 
Fisher Scientific). The supernatant containing the lentivirus was har
vested after 72 h, concentrated (Amicon® centrifugal filters) and the 
titer quantified as transducing units/mL. MDA-MB-231 cells were then 
infected with lentivirus in the presence of 8 µg/mL Polybrene® (Sigma- 
Aldrich) and transduction efficiency confirmed by counting CFP- 
positive cells 48 h post-infection. The construction of cDNA constructs 
in pCDNA-DEST40 vectors (Thermo Fisher Scientific) for expressing C- 
terminally expressed V5-tagged proteins in mammalian cells has been 
described previously [22]. EGFR, HER2, HER3, HER4 and a HER3 signal 
peptide mutant (HER3 G11L/S15L) were transiently expressed in 
HEK293T cells using jetPRIME™ transfection reagent (Polyplus trans
fection, New York) according to manufacturer’s protocol. 

2.4. Gaussia luciferase (Gluc) secretory assay 

For concentration–response assays, 3,000 stably Gluc-expressing 
MDA-MB-231 cells per well were seeded in 96-well plates and allowed 
to grow overnight. The next day, seeding medium was replaced with 
complete medium containing test compounds or vehicle and plates 
returned to the incubator. Following a 16 h treatment, 20 µL of condi
tioned cell culture medium was removed from each well and transferred 
to 96-well white-walled plates. Subsequently, 50 µL of 1.68 µM coe
lenterazine was injected into each well for a final concentration of 1.2 
µM, and luminescent signals were measured using a multi-mode 
microplate reader (BioTek Synergy HT) with Gen5® software and 
compared across conditions (3 sec wait, 0.5 sec integration time 
following coelenterazine injection). 

2.5. Cell viability and caspase activation assays 

For viability assays, cells were seeded in 384-well, white-walled 
tissue culture plates at a density of 800 cells/well or 96-well culture 
plates at a density of 3,000 cells/well. After 18 h, cells were treated with 
coibamide A (0.3 nM− 300 nM) or vehicle (0.1% DMSO). For drug 
combination studies, cells were co-treated with, or without, coibamide A 
plus lapatinib or erlotinib (0.03 nM–300 nM). Cell viability was assessed 
at the end of treatment using a CellTiter-Glo® luminescent cell viability 
assay (# G7572; Promega Corp., Madison, WI) using a multi-mode 
microplate reader (as above). The viability of vehicle-treated cells was 
defined as 100% in all studies. For analysis of caspase activity, cells were 
seeded into clear bottom white-walled plates (Greiner CellStar®) and 
caspase 3/7 activation assessed using a Caspase-Glo® 3/7 luminescent 
assay (Promega Corp.). 

2.6. Western blot analysis 

After treatment culture plates were placed on ice and cells rinsed 
with phosphate-buffered saline (PBS), lysed and processed as described 
previously [54]. Cell lysates were adjusted for protein content using a 
bicinchoninic assay (BCA), mixed with Laemmli sample buffer so that 
equal amounts of protein could be separated by SDS-PAGE and immo
bilized onto PVDF membranes. Membranes were subsequently blocked 
in 5% (w/v) non-fat dry milk in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl 
(TBS) plus 0.1% Tween-20 (TBS-Tween), and then incubated for over
night at 4 ◦C with the appropriate primary antibody. The following day, 
membranes were washed in TBS-Tween (3 × 10 min) and incubated 
with an HRP-conjugated secondary antibody (goat anti-rabbit IgG 
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#7074 Cell Signaling Technology Inc.) for 1 h at room temperature. 
Finally, membranes were washed again in TBS-Tween (4 × 5 min), and 
proteins revealed using a chemiluminescence reaction (Amersham ECL 
reagent, GE Healthcare, Chicago, IL). Images were captured using a 
MyECL image analysis system (Thermo Fisher Scientific). Codes for 
primary antibodies from Cell Signaling Technology, Inc. were as follows: 
EGF Receptor (D38B1) XP® rabbit mAb (#4267 detects a specifc band 
corresponding to the mature form of the receptor at 175 kDa), HER2/ 
ErbB2 (D8F12) XP® rabbit mAb (#4290 detects a specifc band corre
sponding to the mature form of the receptor at 185 kDa), HER3/ErbB3 
(D22C5) XP® rabbit mAb (#12708 detects a specifc band corresponding 
to the mature form of the receptor at 185 kDa), V5-Tag (D3H8Q) rabbit 
mAb (#13202 detects only transfected proteins tagged with a V5 
epitope), GAPDH (D16H11) XP® rabbit mAb (#5174 detects a specifc 
band at 37 kDa), α-Tubulin (11H10) rabbit mAb (#2125 detects a 
specifc band at 52 kDa), PARP (46D11) rabbit mAb (#9532 detects 
specifc bands at 116 and 89 kDa), Caspase-3 (8G10) rabbit mAb (#9665 
detects both full-length caspase at 35 kDa and the large fragment 17/19 
kDa corresponding to cleaved caspase 3), β-Actin (13E5) rabbit mAb 
(#4970 detects a specifc band at 45 kDa), Phospho-Akt (Thr308) rabbit 
polyclonal antibody (#9275 detects only the Thr308 phosphorylated 
form of Akt at 60 kDa), Phospho-Akt (Ser473) polyclonal antibody 
(#9271 detects only the Ser473 phosphorylated form of Akt at 60 kDa), 
Akt (pan) (C67E7) rabbit mAb (#4691 detects a specific band at 60 
kDa), S6 Ribosomal Protein (5G10) rabbit mAb (#2217 detects a spe
cific band at 32 kDa), Phospho-S6 Ribosomal Protein (Ser235/236) 
rabbit polyclonal antibody (#2211 detects only the Ser235/236 phos
phorylated form at 32 kDa), p44/42 MAPK (Erk1/2) (137F5) rabbit 
mAb (#4695 detects specific bands at 42 and 44 kDa) and Phospho-p44/ 
42 MAPK (Erk1/2) (Thr202/Tyr204) (20G11) rabbit mAb (#4376 de
tects only the dually Thr202/Tyr204 phosphorylated forms of MAPK at 
42 and 44 kDa, or single phosphorylated form at Thr202). 

2.7. Flow cytometric analysis of surface HER2 

MCF-7 breast cancer cells were seeded in 6-well tissue culture plates 
at a density of 5 × 105 cells/well and allowed to grow overnight. The 
next day, cells were treated with coibamide A (10 nM− 100 nM), bre
feldin A (5 µM) or vehicle (0.1% DMSO) for 18 h, harvested with trypsin 
and rinsed in cold Hank’s Balanced Salt Solution (HBSS; Thermo Fisher 
Scientific) supplemented with 0.1% BSA (Amresco, Albany, NY). For cell 
surface detection of HER2, cells were stained with PE anti-human 
erbB2/HER-2 mouse mAb (# 324406; BioLegend, San Diego, CA) or 
PE mouse IgG1, k isotype control (FC) mouse mAb (# 400113; Bio
Legend) for 30 min at 4 ◦C, washed once and resuspended in HBSS/0.1% 
BSA solution. All cell samples were analyzed by flow cytometry using an 
Accuri C6 flow cytometer (BD Biosciences, San Jose, CA) and flow 
cytometry data analyzed with FlowJo Software (FlowJo LLC, BD 
Biosciences). 

2.8. Data analysis 

Concentration-response relationships were analyzed using Graphpad 
Prism Software version 8.0 (GraphPad Software Inc., San Diego, CA), 
and EC50 values derived using nonlinear regression analysis fit to a lo
gistic equation. Statistical significance of cell viability was assessed 
using a one-way analysis of variance (ANOVA) followed by a student’s t- 
test to compare control and treatment groups. P-values of < 0.05 were 
considered as statistically significant. Protein expression was quantified 
by densitometry. The intensity of each band was normalized to the 
loading control and quantified relative to controls using Image J soft
ware (http://rsbweb.nih.gov/). Analysis of potential synergy between 
coibamide A and kinase inhibitors was determined using the Chou-Talay 
Combination Index method with CompuSyn (CompuSyn Inc., Paramus, 
NJ) software [55]. Fraction affected (Fa) values were calculated from 
mean cell viability of technical replicates (subtracted from 1 for each 

condition). As the experimental design resulted in non-constant ratios 
for combination mixtures data were expressed as normalized isobolo
grams [56]. 

3. Results 

3.1. Coibamide A inhibits protein secretion, EGFR expression and viability 
of triple-negative breast cancer cells 

The pharmacological specificity of coibamide A as an inhibitor of 
secretory function was first tested in a whole cell assay based on 
bioluminescence detection of a secreted reporter Gaussia luciferase 
(Gluc) reporter in the presence of the natural product. For these studies, 
MDA-MB-231 breast cancer cells were infected with a lentiviral 
construct encoding Gluc that, upon transduction, is expressed, trafficked 
and secreted into medium of living cells [57]. In this assay, exposure of 
an aliquot of Gluc-conditioned medium to the substrate coelenterazine 
results in a bioluminescent reaction which was quantified to determine 
the extent of Gluc expression relative to vehicle-treated control cells 
[57]. The secretory function of Gluc-expressing MDA-MB-231 (Gluc- 
MDA-MB-231) cells was assessed in the presence of varying concentra
tions of coibamide A (0.1 nM− 300 nM), apratoxin A (0.1 nM–300 nM), 
rapamycin A (1 nM− 3 µM) or vehicle (0.1% DMSO). After 16 h, coi
bamide A potently inhibited the secretory function of Gluc-MDA-MB- 
231 cells in a pattern comparable to apratoxin A (Fig. 2A). The IC50 
values for inhibition of Gluc were 7.6 ± 0.2 nM and 1.0 ± 0.1 nM for 
coibamide A and apratoxin A, respectively. In contrast, rapamycin 
produced no specific change in the secretory function of Gluc-MDA-MB- 
231 cells consistent with the known mechanism of rapamycin action 
outside the secretory pathway (Fig. 2A). These observed changes in 
secretory function occurred within a time frame that coibamide A is 
relatively non-toxic to both primary and cancer cells [49,50]. Consistent 
with previous studies, coibamide-induced cytotoxicity to HEK293T cells 
was also time-dependent and thus treatment times of up to 24 h were 
selected to study expression of endogenous and over-expressed HER 
proteins in response to Sec61 inhibition (Fig. 2B). As triple-negative 
breast cancers lack HER2 but can be EGFR positive [58], we studied 
the effect of coibamide A on EGFR protein expression. Immunoblot 
analysis of MDA-MB-231 or MDA-MB-468 cell lysates treated with or 
without the natural product revealed a concentration-dependent 
decrease in EGFR expression by 24 h (Fig. 2C to F) and declined 
steadily as a function of treatment time (Fig. 3D). 

Although early studies indicated that triple-negative MDA-MB-231 
cells undergo apoptosis in response to coibamide A [49,50], the rela
tively limited supply of the field-collected natural product had pre
vented further biological evaluation. With refinement of routes for total 
synthesis and a revision of the stereochemistry [59–61], we were able to 
evaluate the cytotoxic potential of synthetic coibamide A against an 
expanded panel of triple-negative breast cancer cells with varying basal 
EGFR expression. Coibamide A was synthesized in the laboratory of 
Professor Shinya Oishi (Kyoto Pharmaceutical University) and verified 
as identical to the natural product based on high resolution mass data, 
specific optical rotation, overlay of 1H and 13C NMR data with the nat
ural product data, and Marfey’s analysis of key residues [52]. Next, we 
treated, MDA-MB-468, MDA-MB-231, MDA-MB-436, HS-578T, and a 
representative HER2-amplified breast cancer cell type (BT-474) with 
increasing concentrations of coibamide A or vehicle (0.1% DMSO) for 
72 h and evaluated effects on cell viability by quantification of cellular 
ATP as a readout of metabolic status. Synthetic coibamide A induced a 
concentration-dependent decrease in the viability of all five breast 
cancer cell types, relative to vehicle-treated cells with EC50 values 
ranging from 0.4 nM to 4 nM (Table 1). Coibamide A was not selective 
against triple-negative breast cancer cells, however MDA-MB-468 cells 
with high expression of EGFR were one of the most sensitive (Fig. 3A and 
B) and therefore selected for further evaluation. MDA-MB-468 cells were 
exposed to synthetic coibamide A (3 nM and 10 nM) or vehicle (0.1% 
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DMSO) for up to 72 h and evaluated for evidence of caspase-3,7 acti
vation and markers of apoptosis. Coibamide A treatment resulted in a 
statistically significant and concentration-dependent increase in 
caspase-3,7 activity at 48 h, 60 h and 72 h relative to vehicle-treated 
cultures (Fig. 3C). In separate studies, adherent (A) and any floating 
or detaching (D) cells were collected up to 72 h after treatment with, or 
without, coibamide A (10 nM) and probed for expression of EGFR and 
apoptotic cell death biomarkers: poly(ADP-ribose) polymerase 1 
(PARP1) and caspase 3 (Fig. 3D). Consistent with decrease in EGFR 
observed on exposure to the field-collected natural product (Fig. 2C and 

D), synthetic coibamide A induced a statistically significant time- 
dependent decrease in EGFR expression in adherent cells over 72 h 
(Fig. 3D and E). The adherent MDA-MB-468 cell population showed no 
significant changes in expression of full-length PARP1 and caspase-3 
over this time frame and lacked immunoreactivity corresponding to 
cleaved PARP1 and cleaved caspase 3 that was observed only in de
tached cells (Fig. 3D and E). 

Fig. 2. Coibamide A and Apratoxin A inhibit the secretory function of MDA-MB-231 breast cancer cells. (A) Effect of coibamide A on cellular secretory function. 
Human MDA-MB-231 breast cancer cells were infected with a lentiviral vector encoding Gaussia luciferase (Gluc) under the control of a CMV promoter. MDA-MB-231 
cells expressing Gluc were treated with, or without (0.1% DMSO), coibamide A (CbA), apratoxin A (AprA) or rapamycin A (RAPA) and Gluc activity was assayed from 
aliquots of the conditioned medium after 16 h. Data points show mean luminescence values ± SE (n = 3 wells per treatment) expressed as percentage (%), relative to 
vehicle-treated cells, from a comparison repeated at least three times independent experiments. (B) Time-dependent changes in the viability of representative non- 
breast cancer cells in response to coibamide A. HEK293T cells were exposed to increasing concentrations of coibamide A (CbA), bortezomib (BtZ; 300 nM) or vehicle 
(0.1% DMSO) for 18, 24 or 48 h. Data points show mean viability ± SE (n = 3 wells per treatment), relative to vehicle-treated cells, from a comparison that was 
repeated three times. (C) Immunoblot analysis of EGFR receptor and α-tubulin expression in MDA-MB-231 and (E) MDA-MB-468 cells treated with, or without 
(untreated = C), coibamide A (10, 30 or 100 nM) or 0.1% DMSO (0) for 24 h. Images are representative of the loading control (α-tubulin) relative to EGFR expression. 
(D and F) Quantification of immunoblot data shown in C and E from three independent experiments. Bars represent intensity of bands ± SE normalized to α-tubulin, 
relative to vehicle-treated cells (0). Statistical significance is indicated as: * P < 0.01, ** P < 0.001. 
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3.2. Endogenous HER family members are differentially sensitive to 
coibamide A 

As CT8 preferentially targets biosynthesis of HER3 among HER 
family members [22], we next tested the ability of coibamide A to inhibit 
expression of HER2 and HER3 in a representative HER2-amplified cell 
type. BT-474 cells were treated with increasing concentrations of 

coibamide A (10 to 100 nM) or vehicle (0.1% DMSO), for 24 h and cell 
lysates harvested for analysis of endogenous HER protein expression. 
This analysis revealed a pattern of differential HER sensitivity in 
response to treatment. Coibamide A induced statistically significant 
decreases in EGFR, HER2 and HER3 protein expression, relative to 
vehicle-treated and untreated cells, however endogenous HER2 was 
more resistant to coibamide A inhibition (Fig. 4A and B). HER3 
expression was suppressed and the mature protein eliminated after 
exposure to only 10 nM coibamide A, whereas HER2 was detected at 10- 
fold higher coibamide A concentrations (Fig. 4A and B). To determine if 
coibamide A promotes proteasomal degradation of native HER proteins 
as a consequence of Sec61 inhibition, cells were treated with coibamide 
A (100 nM) in the presence, and absence, of the proteasome inhibitor 
bortezomib (25 nM). Immunoblot analysis of lysates prepared from co- 
treated cells showed the rescue of endogenous HER3, under these con
ditions (Fig. 4C and D), consistent with the pattern of degradation seen 
previously in response to synthetic cotransin molecules or the fungal 
natural product CAM741 [24,25]. In contrast, changes in endogenous 
EGFR and HER2 expression in response to co-treatment with bortezomib 
in BT-474 cells were not statistically significant (Fig. 4C and D). 

To further understand the consequences of coibamide A-induced 

Fig. 3. Coibamide A is cytotoxic to triple-negative and HER2 positive breast cancer cell types. (A) Concentration-response relationship for coibamide-induced 
reduction of viability in triple-negative (MDA-MB-468, MDA-MB-231, MDA-MB-436, HS-578T) and HER2-amplified (BT-474) breast cancer cells. Cells were 
exposed at the same time to increasing concentrations of coibamide A, or vehicle (0.1% DMSO), for 72 h and cell viability determined using a Cell-Titer Glo® 
luminescent assay. Graph shows a single comparison of cell types that was repeated three times. (B) Immunoblot shows basal EGFR expression in untreated triple 
negative breast cancer cell types used in panel A. Bars represent quantification of EGFR intensity relative to GAPDH. (C) Time and concentration-dependent analysis 
of caspase-3,7 activity in MDA-MB-468 cells treated with, or without (0.1% DMSO), 3 nM or 10 nM coibamide A for 48, 60 and 72 h. Bars represent mean relative 
fluorescence units (RFU) ± SE from three independent determinations. (D) Immunoblot analysis of EGFR, PARP1 and caspase-3 expression relative to β-actin in 
floating and adherent cells exposed to coibamide A, or vehicle (0.1% DMSO), for 12 h to 72 h as indicated. Blots are representative of an experiment repeated at least 
three times with the same result. (E) Quantification of immunoblot data for EGFR, full length PARP1 and caspase-3 intensity relative to control in the adherent cell 
population shown in panel D from three independent experiments. Statistical significance is indicated as: * P < 0.01, ** P < 0.001 *** P < 0.0001. 

Table 1 
Cytotoxicity of Coibamide A to human breast cancer cells.  

Breast cancer cell type Characteristics EC50 ± S.E. (nM) 

MDA-MB-231 Triple-Negative 1.0 ± 0.2 
MDA-MB-436 Triple-Negative 0.9 ± 0.3 
MDA-MB-468 Triple-Negative 0.4 ± 0.1 
HS578T Triple-Negative 4.0 ± 0.9 
BT474 HER2 positive 0.8 ± 0.2 

Cell viability was assessed after 72 h relative to vehicle-treated cells. 
Concentration-response data were analyzed using GraphPad Prism Software 
version 6.0 (GraphPad Software Inc., San Diego, CA), and EC50 values derived 
using nonlinear regression analysis fit to a logistic equation. Results represent 
mean ± S.E. from three independent experiments. 
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suppression of HER family receptors, we evaluated the phosphorylation 
status of several key downstream elements of the HER signaling pathway 
downstream of the receptors. For these studies BT-474 cells were treated 
with coibamide A (100 nM) or 0.1% DMSO at various time points from 
30 min to 24 h. Cell lysates were then analyzed for expression of AKT 
and S6 ribosomal protein, as well as EGFR, HER2 and HER3. In contrast 
to EGFR, HER2 and HER3, which showed statistically significant de
creases in expression over time, we observed no significant changes in 
total AKT and total S6 ribosomal protein expression levels (Fig. 4E and 
F). BT474 lysates did, however, show dephosphorylation of AKT at Ser- 
473 and Thr-308, and dephosphorylation of S6 ribosomal protein at Ser- 
235/236 in response to coibamide A treatment (Fig. 4E and F). The 
observed changes in the phosphorylation status of AKT and S6 ribosomal 
protein were not evident as a rapid response to treatment but instead 
showed a steady decline that became statistically significant from 8 h to 
24 h after treatment concomitant with the reduction in HER3 expres
sion, a key activator of the Akt/PI3K pathway in BT474 cells. (Fig. 4E 
and F). 

Given the partial response of HER2 to Sec61 inhibition, we selected 
this receptor for followup studies of HER2 cell surface expression using 
flow cytometry. Hormone-sensitive, HER2 positive MCF-7 cells were 
treated for 18 h with increasing concentrations of coibamide A (10 nM to 
100 nM), 0.1% DMSO, or a control natural product inhibitor of ER-Golgi 
transport, brefeldin A (5 μM). After treatment, cells were stained with a 

phycoethrin-conjugated anti-HER2 antibody and samples analyzed by 
flow cytometry. Coibamide A induced a concentration-dependent 
decrease (red trace) in the fluorescence intensity of surface HER2 pro
tein in MCF-7 cells, relative to control-treated (black trace) cells (Fig. 5A 
to C). Quantification of mean fluorescent intensity (MFI) revealed sta
tistically significant decreases in HER2 expression that, at 100 nM coi
bamide A, was comparable to loss of surface HER2 expression induced 
by brefeldin A in viable cells (Fig. 5D and E). Thus, in order to compare 
the action of coibamide A relative to all four HER family members, each 
receptor was tagged with a C-terminal V5 epitope and transiently 
expressed in HEK293 cells (Fig. 6A). Studies of these cells, treated with 
or without coibamide A, revealed HER4 to be a coibamide-sensitive 
protein (Fig. 6B and C). Over-expressed HER2, was also sensitive and 
readily suppressed by coibamide A in these studies (Fig. 6B and C). 
Taken together, relative decreases in expression of the mature form of 
each HER protein, and differences in the ability of coibamide A to pro
mote proteasomal degradation of HERs, indicate that endogenous HER 
proteins are differentially sensitive to Sec61 inhibition and raise the 
possibility of a coibamide-insensitive pool of HER2 in BT-474 breast 
cancer cells. Sec61-dependent inhibition of HER2 biosynthesis in MCF-7 
cells, however, was sufficient to disrupt HER2 expression at the plasma 
membrane. 

Fig. 4. HER family proteins show differential sensitivity to coibamide A. (A) Immunoblot analysis of EGFR, HER2, HER3 and α-tubulin expression in BT-474 treated 
with, or without (0.1% DMSO or untreated (C)), coibamide A ((CbA) 3 nM to 100 nM) for 24 h. Upper arrow represents the anticipated size of the mature form of 
HER3. (B) Quantification of immunoblot data shown in A from three independent experiments. Bars represent intensity of bands ± SE normalized to α-tubulin, 
relative to vehicle-treated cells (0). (C) CbA induces proteasomal-degradation of EGFR and HER3 in BT474 breast cancer cells. Immunoblot analysis of cells treated 
with vehicle (0.1% DMSO), CbA (100 nM), the proteasome inhibitor bortezomib (BtZ; 25 nM) or CbA and BtZ for 24 h. Cell lysates were probed simultaneously for 
EGFR, HER2, HER3 and α-tubulin. Images are representative of a comparison that was repeated at least three times with similar results. (D) Quantification of 
immunoblot data shown in C from three independent experiments. Bars represent intensity of bands ± SE normalized to α-tubulin, relative to vehicle-treated cells. (E) 
Time-dependent changes in the phosphorylation status of AKT and ribosomal S6 protein in response to coibamide A (CbA). HER2 positive BT474 cells were treated 
with, or without (0.1% DMSO), CbA (100 nM) for up to 24 h. Immunoblot analysis of EGFR, HER2, HER3, phospho-AKT(Ser473), phospho-AKT(Thr308), total AKT, 
phospho-S6(Ser235/236), total S6 and α-tubulin expression. (F) Quantification of immunoblot data shown in A from three independent experiments. Bars represent 
intensity of bands ± SE normalized to α-tubulin, relative to vehicle-treated cells (C). Statistical significance is indicated as: * P < 0.01, ** P < 0.001, *** P < 0.0001 
or ns not significant. 
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3.3. The HER3 signal peptide contributes to HER3 suppression by 
coibamide A 

It has been shown that sensitivity of HER3 to the cotransin analogue 
CT8 is, like other synthetic and natural derivatives of HUN-7293 
[24,62], critically dependent on identity of specific residues within the 
central hydrophobic region of the HER3 signal sequence [22]. To 
determine if coibamide A might also disrupt the signal sequence 
recognition of nascent HER3 by Sec61, we transiently expressed wild 
type HER3, or the CT8-resistant G11L/S15L signal peptide mutant in 
HEK293 cells (Fig. 7A) and exposed the transfected cells to increasing 
concentrations of coibamide A (0.3 nM to 10 nM) or vehicle (0.1% 
DMSO) for up to 24 hrs. As shown in Fig. 7B, coibamide A induced a 
clear concentration-dependent decrease in both HER3 and HER3(G11L/ 
S15L) expression relative to vehicle-treated cells expressing the corre
sponding HER constructs. However, in side-by-side comparisons, the 
CT8-insenstive mutant HER3(G11L/S15L), was more resistant to lower 
concentrations of coibamide A (Fig. 7B). Statistically significant differ
ences in expression of wild-type HER3 versus HER3(G11L/S15L) were 
observed at 3.0 nM coibamide A, whereas 10 nM coibamide was a fully 
effective inhibitor of HER3 and HER3(G11L/S15L) expression (Fig. 7B 
and C). 

To determine if the observed responses were specific to coibamide A, 
we compared the action of apratoxin A on both endogenous and over- 
expressed HER proteins. Immunoblot analysis of cell lysates harvested 
from BT-474 cells treated with increasing concentrations of apratoxin A 
(1 nM to 100 nM), or vehicle (0.1% DMSO), showed a concentration- 
dependent reduction of EGFR, HER2 and HER3 expression by 24 h 

(Fig. 8A). This pattern was the same as that observed with coibamide A 
(Fig. 4A and B); apratoxin A produced statistically significant decreases 
in the expression of all three endogenous HER family proteins in BT474 
cells with differences in relative sensitivity. Quantification of these re
sults showed that HER3 expression was largely eliminated by apratoxin 
A, while HER2 was more resistant over the same concentration range 
(Fig. 8B). This similarity led us to ask if apratoxin A also interferes with 
HER3 biosynthesis at the level of the HER3 signal peptide. HER3 or 
HER3(G11L/S15L) proteins were transiently expressed in HEK293 cells 
and the cells exposed to coibamide A (3 nM), apratoxin A (3 nM) or 
vehicle (0.1% DMSO). Expression of the mature HER3 protein was 
strongly inhibited by coibamide A and apratoxin A (Fig. 8C and D), 
whereas HER3(G11L/S15L) was more resistant to coibamide A (Fig. 8C 
and D). Apratoxin A followed a similar trend although differences be
tween wild-type and mutant were not significant (Fig. 8C and D). 
Collectively, these data suggest that the ER-targeting signal peptide does 
contribute to inhibtion of secretory protein biogenesis by coibamide A, 
whereas previously these compounds were assumed to be exclusively 
substrate-nonselective inhibitors of Sec61. 

3.4. Cobamide A is a potent inhibitor of EGFR signaling in lung cancer 
cells 

As the activity of EGFR is particularly relevant to non-small cell lung 
cancers which frequently harbor drug-resistant EGFR mutations [8], we 
extended our analysis to include lung cancer cell types with known 
aberrant signaling. Human PC-9 lung cancer cells (with a 15 base pair 
EGFR deletion E746-A750) or 11–18 cells (which harbor an activating 

Fig. 5. Coibamide A decreases cell surface expression of HER2. (A to C) Flow cytometric analysis of HER2 fluorescence intensity in MCF-7 breast cancer cells treated 
with coibamide A (red line; 10 nM to 100 nM) or 0.1% DMSO (black line) for 18 h. Cells were harvested and stained with a PE-conjugated anti-human erbB2/HER-2 
antibody (open profile) or isotype control antibody (shaded profile). (D) Quantification of Mean Fluorescent Intensity (MFI) in vehicle (0.1% DMSO) and coibamide 
A-treated MCF-7 cells in A to C relative to brefeldin A-treated control cells. Data is representative of an experiment that was repeated three times over the same 
concentration range; statistical significance is indicated as: * P < 0.01, *** P < 0.0001. (E) Viability of MCF-7 cells in the presence, and absence (0.1% DMSO), of 
coibamide A (0.1 nM to 300 nM) after 18 or 72 h. Data points show mean viability ± SE (n = 3 wells per treatment), relative to vehicle-treated cells, from a 
comparison that was repeated three times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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L858R mutation) were treated with coibamide A (1 to 100 nM), or 
vehicle (0.1% DMSO) for 24 h and the lysates harvested for immunoblot 
analysis. These mutations did not change the ability of the anti-EGFR 
antibody to detect the protein, however, mutant EGFR expression was 
reduced significantly in response to coibamide A treatment (Fig. 9A and 
B). In side-by-side evaluations of MDA-MB-231 breast cancer cells, 
11–18 cells and PC-9 lung cancer cells, we observed a common pattern 
in response to treatment with coibamide A. All cell lysates showed sta
tistically significant dephosphorylation of AKT at Ser-473 and Thr-308, 
dephosphorylation of S6 ribosomal protein at Ser-235/236 and, except 
in MDA-MB-231 cells, dephosphorylation of MAPK at Thr-202/Tyr-204 
in response to coibamide A treatment (Fig. 9C and D). 

Although technically challenging due to the ease in which coibamide 
A induces detachment of some adherent cell types from culture dishes 
over hours of exposure ([51,54] and Fig. 3C), we determined that the 
action of coibamide A on EGFR in PC-9 cells was also reversible at lower 
(1 nM) concentrations. Endogenous EGFR showed time-dependent re- 
expression (from 4 to 24 h) when coibamide A was diluted to sub- 
nanomolar final concentrations by the addition of fresh medium to 
culture dishes. Fig. 9E and F illustrate the recovery of EGFR expression 
in PC-9 cells following a 6-fold dilution from 1 nM to < 0.15 nM coi
bamide A. Similarly, 11–18 cells were sensitive to detachment with the 
combination of coibamide A plus bortezomib. Thus, in contrast to HER3 
expression in BT474 breast cancer cells (Fig. 4C and D), EGFR expression 
showed no statistically significant recovery when 11–18 cells were 
treated with coibamide A (1 nM) in the presence of bortezomib (35 nM) 
(Fig. 9G and H). 

3.5. Coibamide A potentiates the cytotoxic efficacy of small molecule 
kinase inhibitors 

The potential for coibamide A to modify the efficacy of two well 
characterized kinase inhibitors was evaluated by testing coibamide A in 
combination with lapatinib or erlotinib in breast and lung cancer cells, 
respectively. Representative cell types showed distinct patterns of 
sensitivity to lapatinib or erlotinib when administered as single agents, 
reflecting a level of anticipated heterogeneity in response to these drugs 
[63]. BT-474 breast cancer cells were relatively sensitive to lapatinib 
alone (Fig. 10A), with an EC50 value of 8.9 ± 5.6 nM, whereas MDA-MB- 
468 breast cancer cells remained greater than 60% viable at the highest 
lapatinib (100 μM) concentration tested (Fig. 10B). Similarly, PC-9 lung 
cancer cells showed clear concentration-dependent sensitivity to erlo
tinib alone (Fig. 10C), EC50 = 8.4 ± 4.3 nM whereas 11–18 lung cancer 
cells remained 90% viable in the presence of 300 nM erlotinib and 
essentially resistant (Fig. 10D). When administered in combination with 
a kinase inhibitor, coibamide A (1 nM to 30 nM) induced a 
concentration-dependent reduction in the viability of BT-474 or PC-9 
cancer cells treated with lapatinib (Fig. 10A) or erlotinib (Fig. 10C), 
respectively. Specifically, coibamide A potentiated the action of low 
concentrations of lapatinib (≤1 nM) or erlotinib (≤1 nM), resulting in 
enhanced cytotoxic efficacy of these kinase inhibitors against cultured 
BT-474 and PC-9 cells, respectively. Potentiation of the effect of lapa
tinib (≤0.1 nM) was also observed in MDA-MB-468 breast cancer cells, 
with evidence of synergy with combination treatment; coibamide A (3 
nM to 30 nM) plus lapatanib (3 nM to 300 nM) consistently induced a 
greater loss in MDA-MB-468 cell viability than lapatinib alone 

Fig. 6. Coibamide A suppresses expression of HER4. (A) Schematic representation of HER family members with extracellular (ECD), transmembrane (TM) and 
intracellular (ICD) domains shown. (B) Immunoblot analysis of HER family proteins transiently over-expressed in HEK293T cells and treated with, or without (0.1% 
DMSO) or CbA (3 nM). Cells were transfected with a pcDNA-DEST40 vector containing open reading frames of EGFR, HER2, HER3, or HER4 in-frame with a C- 
terminal V5 epitope. Cell lysates were harvested 24 h after treatment for immunoblot analysis with anti-V5 and anti-α-tubulin antibodies. Upper arrow represents the 
anticipated size of the mature form of HER3. (C) Quantification of immunoblot data shown in B from three independent experiments. Bars represent intensity of 
bands ± SE normalized to α-tubulin, relative to vehicle-treated cells (0). Statistical significance is indicated as *** P < 0.0001. 
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(Fig. 10B). A clear decrease in cell viability was also observed when 
erlotinib (0.03 nM to 300 nM) was combined with coibamide A (30 nM) 
against 11–18 lung cancer cells (Fig. 10D). Further computational 
analysis of these pharmacological data for lapatinib-sensitive BT-474 
cells (Fig. 10E), or erlotonib-sensitive PC-9 cells (Fig. 10F), predicted a 
pattern of synergy at multiple concentations when kinase inhibitors 
were co-administered with coibamide A. 

4. Discussion 

Natural products have served as a rich source of inspiration for drug 
development and in many cases these chemical entities are retained as 
important reference compounds for the biomedical research community 
[64,65]. Although at the stage of pre-clinical evaluation, the steady 
expansion of a relatively new class of natural product inhibitors of 
protein translocation into the ER secretory pathway is significant as 
these prototypes may help to define potential for selective suppression of 
specific Sec61 substrates as well as limitations in developing such 
compounds as future drugs [66,67]. Given that HER3 expression can be 
selectively blocked in HER2-amplified breast cancer cells with a phar
macological Sec61 inhibitor [22], the goal of the present study was to 
evaluate the action of broad-spectrum Sec61 inhibitors against members 
of the HER family of receptors. We determined that coibamide A and 

apratoxin A suppress HER3 protein expression with nanomolar potency 
and, in contrast to CT8, both compounds suppress expression of EGFR 
and HER4, whereas endogenous HER2 protein is effected to a lesser 
extent. Coibamide A promoted degradation of endogenous HER3 protein 
in cancer cells via a proteasome-dependent pathway and induced a 
steady decline in downstream markers of HER-mediated signaling 
consistent with a general loss of secretory function and therefore HER 
protein expression over hours of exposure. Concentration- and time- 
dependent decreases in EGFR expression in response to coibamide A 
were observed in triple-negative breast cancer and non-small cell lung 
cancer cells and were reversible, to an extent, in keeping with the gen
eral pharmacological properties of Sec61 inhibitors [24,68]. Our study 
complements previous work focused on translocon inhibitor selectivity 
and the biochemistry of cotranslational translocation [23–25], and 
demonstrates the general utility of Sec61 inhibitors to modulate 
expression of receptors that are already well-established therapeutic 
cancer targets. For example, a narrow-spectrum allosteric inhibitor of 
Sec61 function, such as CT8, blocks HER3 expression while inducing no 
significant change in the viability of HER2-amplified or other breast 
cancer cell types [22]. In contrast, and at the other end of the spectrum, 
coibamide A downregulates expression of all four HER family members, 
including EGFR in triple-negative breast cancer cells, and ultimately 
induces cell death as a function of concentration and time of exposure 

Fig. 7. The HER3 signal peptide contributes to coibamide A-induced block of HER3 expression. (A) Schematic representation of wild type HER3 and mutant HER3 
(G11L/S15L) showing the location of mutations at sites 11 and 15 of the signal sequence where guanine and serine were replaced with lysine. (B) Immunoblot 
analysis of wild type HER3 and HER3(G11L/S15L) transiently over-expressed in HEK293T cells and treated with CbA (0.3 to 10 nM) or DMSO (0.1%). Cells were 
transfected with a pcDNA-DEST40 vector containing open reading frames of HER3 or HER3(G11L/S15L) in-frame with a C-terminal V5 epitope. Cell lysates were 
harvested 24 h after treatment for immunoblot analysis with anti-V5 and anti-GAPDH antibodies. Upper arrow represents the anticipated size of the mature form of 
HER3. (C) Quantification of immunoblot data for mature HER3 in response to 3 nM and 10 nM CbA in three independent experiments. Bars represent intensity of 
bands ± SE normalized to α-tubulin, relative to vehicle-treated cells (0). Statistical significance is indicated as: * P < 0.01, ** P < 0.001, *** P < 0.0001 or ns 
not significant. 

S. Kazemi et al.                                                                                                                                                                                                                                 



Biochemical Pharmacology 183 (2021) 114317

11

[49,50,54]. 
Although the full extent to which apratoxin A and coibamide A block 

protein translocation into the ER is not yet known, previous studies have 
shown the natural apratoxins inhibit expression of multiple RTKs in 
cancer cells with lead synthetic analogues displaying differential and 
cell-type specific effects [68–70]. In the present study, the pattern of 
HER sensitivity to coibamide A was confirmed to be the same as that of 

apratoxin A suggesting that both cyclic depsipeptides exert a similar 
response in cells. It was surprising however, that endogenous HER2 was 
partially resistant to coibamide A or apratoxin A treatment relative to 
other HER family members when compared over the same concentration 
range. The four individual HER proteins have distinct functional prop
erties yet show a high level of structural homology; each is a type I in
tegral membrane protein with a cleavable N-terminal signal peptide 

Fig. 8. HER family proteins show differential sensitivity to apratoxin A. (A) Immunoblot analysis of EGFR, HER2, HER3 and α-tubulin expression in BT-474 treated 
with, or without (0.1% DMSO), apratoxin A ((AprA) 1 nM to 100 nM) for 24 h. Upper arrow represents the anticipated size of the mature form of HER3. (B) 
Quantification of immunoblot data shown in A from three independent experiments. Bars represent intensity of bands ± SE normalized to α-tubulin, relative to 
vehicle-treated cells (0). (C) Immunoblot analysis of wild type HER3 and HER3(G11L/S15L) transiently expressed in HEK293T cells and treated with, or without 
(0.1% DMSO), CbA (3 nM) or AprA (3 nM). Cells were transfected with a pcDNA-DEST40 vector containing open reading frames of HER3 or HER3(G11L/S15L) in- 
frame with a C-terminal V5 epitope. Cell lysates were harvested 24 h after treatment for immunoblot analysis with anti-V5 and anti-α-tubulin antibodies. (D) 
Quantification of immunoblot data shown in C from three independent experiments. Bars represent intensity of bands ± SE normalized to α-tubulin, relative to 
vehicle-treated cells (0). Statistical significance is indicated as: * P < 0.01, ** P < 0.001, *** P < 0.0001 or ns not significant. 
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[71]. Biochemical assays with in vitro translated proteins have 
confirmed that both apratoxin A and coibamide A inhibit cotranslational 
translocation of representative secreted and integral membrane proteins 
including examples of type I proteins [47,52]. Our data complement 
these results and suggest that related type I proteins, even within the 
same family, are not equally affected by a broad-acting Sec61 inhibitor 
in a cellular context. As apparent differences in HER sensitivity could be 
influenced by multiple factors, further studies will be required to 
determine if the mechanistic basis for this effect is pharmacological and/ 
or physiological in nature. It is conceivable that some nascent poly
peptides are processed via alternate mechanisms that evade inhibitor 
block completely or, in the case of HER2, show only a partial response to 
coibamide or apratoxin treatment. Notably, coibamide A treatment 

resulted in a significant loss of cell surface HER2, suggesting that mol
ecules that induce partial inhibition of a target substrate can have 
functional relevance. Studies of the mechanism of action of substrate- 
selective Sec61 inhibitors provide a useful comparison in this regard 
as, by definition, these compounds block biosynthesis of a limited 
number of Sec61 substrates. For example, the macrocyclic small mole
cule cyclotriazadisulfonamide (CADA) selectively inhibits cotransla
tional translocation of cell-surface cluster of differentiation 4 (CD4) by 
direct interaction with the CD4 signal peptide [72]. CADA is also 
described as a weak ER translocation inhibitor of sortilin resulting in 
partial down regulation of sortilin expression to approximately 50% of 
control [73]. Inhibitor concentration has been raised as a critical 
determinant of the selectivity of other substrate-selective Sec61 

Fig. 9. Coibamide A is a reversible inhibitor of EGFR in lung cancer cells. (A) Immunoblot analysis of EGFR, AKT and GAPDH expression in PC-9 lung cancer cells 
treated with, or without (0.1% DMSO (C)), coibamide A ((CbA) 0.1 nM to 10 nM) for 24 h. (B) Quantification of immunoblot data shown in A from three independent 
experiments. Bars represent intensity of bands ± SE normalized to GAPDH, relative to vehicle-treated cells (C). (C) Comparison of the phosphorylation status of AKT, 
MAPK and ribosomal S6 protein in MDA-MB-231 breast, 11–18 and PC-9 lung cancer cells in response to coibamide A (CbA). Cells were treated with CbA (10 nM) or 
0.1% DMSO for 24 h. Immunoblot analysis of EGFR, phospho-AKT(Ser473), phospho-AKT(Thr308), total AKT, phospho-MAPK (THr202/Tyr204), total MAPK, 
phospho-S6(235/236), total S6 and GAPDH expression. (D) Quantification of immunoblot data shown in C from three independent experiments. Bars represent 
intensity of bands ± SE normalized to GAPDH, relative to vehicle-treated cells. (E) Effect of coibamide A is reversible. PC-9 lung cancer cells were treated with, or 
without (0.1% DMSO), coibamide A (1 nM) for 24 h, the cell culture medium was then diluted with compound-free medium and cells harvested at the time of wash- 
out (0) or 4, 12 and 24 h later. PC-9 cell lysates were probed for EGFR and GAPDH. (F) Quantification of immunoblot data shown in E from three independent 
washout experiments. Bars represent intensity of bands ± SE normalized to GAPDH, relative to vehicle-treated cells. (G) CbA induces proteasomal-degradation of 
EGFR in 11–18 lung cancer cells. Immunoblot analysis of cells treated with vehicle (0.1% DMSO), CbA (1 nM), the proteasome inhibitor bortezomib (BtZ; 35 nM) or 
CbA and BtZ for 24 h. Cell lysates were probed simultaneously for EGFR and GAPDH. (H) Quantification of immunoblot data shown in panel H from three inde
pendent BtZ rescue experiments. Bars represent intensity of bands ± SE normalized to GAPDH, relative to vehicle-treated cells (-). Statistical significance is indicated 
as: * P < 0.01, ** P < 0.001, *** P < 0.0001 or ns not significant. 
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inhibitors such as the cotransins in that inhibition of the biosynthesis of 
specific substrates is observed at nanomolar concentrations [23–25]. 
However, with stable isotopic labelling by amino acids in cell culture 
(SILAC), for a quantitative proteomic analysis of human HEPG2 hepa
tocellular carcinoma cells, cotransin was found to be less selective for 
secreted proteins at saturating (30 μM) concentrations [74]. Notably, 
although cotransin inhibited a greater percentage of the HEPG2 secre
tome at this high (30 μM) concentration, most integral membrane pro
teins remained cotransin-resistant revealing a level of complexity that 

had not previously been appreciated for these types of inhibitor-Sec61 
protein interactions [74]. In the present study, we did not exceed 100 
nM coibamide A and thus HER2 expression was likely not studied under 
steady state conditions. In addition, variations in the flux of individual 
Sec61 substrates through the secretory pathway are also likely to impact 
that ability to assess the full extent of a co-translational translocation 
block where the dynamics of individual protein transit and turnover in 
cells should also be taken into account. 

Like CT8 [22],coibamide A and apratoxin A effectively suppressed 

Fig. 10. Coibamide A enhances the cytotoxic efficacy of small molecule kinase inhibitors in combination treatment. (A and B) Concentration-response analysis of the 
effect of Lapatanib (3 nM to 300 nM) on breast (BT-474 and MDA-MD-468) cancer cells and (C and D) Erlotinib (3 nM to 300 nM) on lung (PC-9 and 11–18) cancer 
cells either alone (red line) or in combination with a fixed concentration of coibamide A (1 nM, 3 nM, 10 nM or 30 nM as indicated). Cells were exposed to kinase 
inhibitors, kinase inhibitors plus coibamide A, or vehicle (0.1% DMSO), for 72 h and cell viability determined using a Cell-Titer Glo® luminescent assay. 
Concentration-response curves are representative of three independent experiments for each drug combination. (E and F) Normalized isobolograms for coibamide A 
and lapatinib, or coibamide A and erlotonib, for non-constant ratio treatments shown in panel A (BT-474 cells) and panel C (PC-9 cells). Points located below the line 
of additivity confirm synergy between coibamide A and the kinase inhibitor. Isobolograms were generated using CompuSyn software. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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HER3 protein expression but likely do so via a subtly different mecha
nism. The Sec61 translocon is a heteromeric protein complex comprised 
of alpha, beta and gamma subunits with the largest alpha subunit 
forming the central pore of the channel. CT8, coibamide A and apratoxin 
A bind directly to the Sec61 alpha subunit at partially overlapping, but 
not identical, sites [40,52]. In the presence of CT8, some specific signal 
peptides are not correctly recognized by the Sec61 complex and thus the 
channel fails to open [24,39,67]. However, residues in the N-terminal 
HER3 signal peptide (G11 and S15), that are necessary and sufficient to 
confer full sensitivity to CT8 [22], had a relatively mild effect on HER3 
sensitivity to either coibamide A or apratoxin A and only at low nano
molar concentrations. Residues G11 and S15 had no effect on the ability 
of either compound to block HER3 expression at higher concentrations. 
These findings underscore the general importance of assessing the 
cellular consequences of Sec61 inhibition over a range of concentrations 
and indicate that, in this assay, coibamide A and apratoxin A are more 
similar in action to each other, than either compound is to CT8. 
Furthermore, as with other Sec61 inhibitors [23,66,74],coibamide- or 
apratoxin-induced block of HER3 expression is likely not determined by 
an interaction with the signal peptide alone. Previous cell-free studies in 
which crosslinking reagents were employed to analyze the translocation 
of tissue necrosis factor alpha (TNFα) in the presence and absence of 
apratoxin A, or CT8, indicate that apratoxin A blocks an earlier step in 
nascent TNFα protein translocation than CT8 [23,39,47]. As multiple 
sequential steps are required for cotranslational translocation of pro
teins into the ER, a block in any of these steps (early or late) may have 
similar consequences in cells [66]. Thus, our results suggest that HER3 is 
an example of a Sec61 substrate that is vulnerable to both narrow- and 
broad-spectrum Sec61 inhibitors. 

The ability of coibamide A and apratoxin A to decrease EGFR 
expression in breast and lung cancer cell types provides an attractive 
pharmacological opportunity as EGFR is an oncogenic driver that is 
frequently amplified or mutated in many other human cancers associ
ated with treatment resistance such as forms of high-grade glioblastoma, 
head and neck squamous cell carcinoma and colorectal cancers [9,18]. 
Our results indicate that coibamide A inhibits EGFR expression and 
promotes degradation of EGFR via a proteasome-dependent pathway. 
However, in contrast to previous studies of cotransin-induced degrada
tion of specific Sec61 substrates [22,24], the rescue of EGFR in cells co- 
treated with coibamide A plus bortezomib was not complete suggesting 
the loss of EGFR to a bortezomib-insensitive pathway. It has been pro
posed that a synthetic apratoxin analogue induces lysosomal degrada
tion of EGFR via chaperone-mediated autophagy [75]. This selective 
form of autophagy can be distinguished from other catabolic pathways 
and typically removes soluble proteins from the cytosol [76]. As coi
bamide A and apratoxin A are strong inducers of macroautophagy 
[51,54], it is possible that acute block in co-translational translocation 
by a relatively nonselective Sec61 inhibitor diverts nascent unfolded 
proteins that fail to enter the secretory pathway to lysosomal degrada
tion pathways as well as the ubiquitin–proteasome system. Taken 
together, these findings provide a framework for further interrogation of 
the coibamide structure–activity relationship to understand why triple- 
negative breast cancer and glioblastoma cell types are particularly 
sensitive to this natural product [49,50,54]. In addition to inhibiting 
EGFR expression in cell types representing difficult-to-treat cancers, 
coibamide A disrupts cellular proteostasis and induces both apoptotic 
and non-apoptotic forms of cell death [50,51,54]. As inspiration for 
future development of natural Sec61 inhibitors as drug leads, it is also 
encouraging that the coibamide A molecular structure appears 
amenable to simplification while retaining potent anti-tumor activity in 
mice [77]. In contrast to early in vivo studies with natural coibamide A 
inhibition of flank tumor growth was observed with poor therapeutic 
index [50],a synthetic coibamide analogue, [MAla3-MeAla6]- 
coibamide, was active against MDA-MB-231 breast cancer xenografts 
without inducing weight loss in tumor-bearing mice [77]. 

Coibamide A enhanced the cytotoxic efficacy of lapatinib or erlotinib 

in representative HER2-amplified breast (BT-474) and non-small cell 
lung (PC-9) cancer cells, respectively, but was also effective against 
EGFR positive, triple negative breast (MDA-MB-468) and EGFR mutant, 
non-small cell lung [11–18] cancer cell types that were relatively 
resistant to these specific kinase inhibitors. Lapatinib and erlotinib were 
selected as examples of clinically-relevant drugs approved for breast and 
non-small cell lung cancers, respectively [18], and although many other 
EGFR- and HER2-targeting drugs are in clinical use, our data illustrate 
the potential utility of a Sec61 inhibitor in combination with an estab
lished drug or when drug resistance is anticipated. Moreover, the 
complexity of HER signaling and inter-connectivity between receptors 
presents challenges with many of the established HER-targeting medi
cines and illustrates the need for new strategies [18]. For example, in 
addition to each receptor acting as a homodimer, EGFR forms a func
tional heterodimeric complex with HER2 and in this configuration has 
distinct downstream signaling activity [78–80]. Although HER2 was the 
least sensitive of the HER family members to coibamide A or apratoxin 
A, both natural products potently inhibited expression of all three HER2 
dimerization partners and therefore could presumably impair the ability 
of HER2 to form a functional heterodimeric complex with EGFR, HER3 
or HER4. These results complement previous findings with the selective 
Sec61 inhibitor CT8, in that the CT8-induced elimination of HER3 
biosynthesis in HER2-amplified breast cancer cells was sufficient to 
dramatically attenuate signaling attributed to HER2-HER3 heterodimers 
and enhance the efficacy of lapatinib [22]. 

To date, all the natural products that have been identified as in
hibitors of protein import into the ER bind to a similar region of the 
alpha subunit of Sec61 but are capable of transducing different cellular 
effects [40]. The potential for distinct pharmacological profiles arising 
from non-identical binding to Sec61 is supported by a recent comparison 
of the data sets available for coibamide A, apratoxin A and ipomoeassin 
F testing against the National Cancer Institute (NCI) 60 human tumor 
cell line panel [52]. Although all three cytotoxins are predicted to block 
co-translational translocation of a broad range of Sec61 client proteins, 
the extent to which compounds inhibit cancer cell growth is not iden
tical [44,47,52]. This information, coupled with knowledge of Sec61 
inhibitor preference for specific families of Sec61 client proteins, such as 
targeting of HERs and other RTK receptors by apratoxins and coibamide 
A [50,68,70,81], may inform future development of synthetic Sec61 
inhibitors as cancer therapeutics. 
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