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ABSTRACT: Coibamide A (CbA) is a cyanobacterial lariat depsipeptide that selectively inhibits multiple secreted and integral
membrane proteins from entering the endoplasmic reticulum secretory pathway through binding the alpha subunit of the Sec61
translocon. As a complex peptide-based macrocycle with 13 stereogenic centers, CbA is presumed to adopt a conformationally
restricted orientation in the ligand-bound state, resulting in potent antitumor and antiangiogenic bioactivity. A stereochemical
structure−activity relationship for CbA was previously defined based on cytotoxicity against established cancer cell lines. However,
the ability of synthetic isomers to inhibit the biosynthesis of specific Sec61 substrates was unknown. Here, we report that two less
toxic diastereomers of CbA, [L-Hiv2]-CbA and [L-Hiv2, L-MeAla11]-CbA, are pharmacologically active Sec61 inhibitors. Both
compounds inhibited the expression of a secreted reporter (Gaussia luciferase), VEGF-A, and a Type 1 membrane protein
(VCAM1), while [L-Hiv2]-CbA also decreased the expression of ICAM1 and BiP/GRP78. Analysis of 43 different chemokines in
the secretome of SF-268 glioblastoma cells revealed different inhibitory profiles for the two diastereomers. When the cytotoxic
potential of CbA compounds was compared against a panel of patient-derived glioblastoma stem-like cells (GSCs), Sec61 inhibitors
were remarkably toxic to five of the six GSCs tested. Each ligand showed a distinct cytotoxic potency and selectivity pattern for CbA-
sensitive GSCs, with IC50 values ranging from subnanomolar to low micromolar concentrations. Together, these findings highlight
the extreme sensitivity of GSCs to Sec61 modulation and the importance of ligand stereochemistry in determining the spectrum of
inhibited Sec61 client proteins.
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Coibamide A (CbA, 1) is a cytotoxic lariat depsipeptide
produced by an assemblage of filamentous cyanobacteria in the
Coiba National Park, Panama, and one of several natural
product inhibitors of Sec61.1−3 The Sec61 translocon is a
highly conserved protein-conducting channel that facilitates
the initial insertion of most secreted and integral membrane
proteins into the early protein secretion pathway.4,5 Nascent
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polypeptides, destined for the secretory pathway are guided to
the rough endoplasmic reticulum (ER) in the context of a
ribosome-nascent chain complex (RNC) when specific
targeting sequences, such as an N-terminal signal peptide
(SP), or transmembrane segment, are recognized by a signal
recognition particle (SRP).6−8 Cytosolic SRP-RNCs move to
the ER membrane through interaction with the SRP receptor
and are subsequently transferred to the Sec61 channel complex
where the nascent polypeptide is cotranslationally translocated
either into the ER lumen or inserted into the ER
membrane.5−9 The core Sec61 translocon comprises a central,
pore-forming alpha subunit and smaller beta and gamma
subunits.10,11 Structural models support the specialized func-
tional requirements of this channel and have revealed an
elaborate arrangement by which nascent proteins are funneled
into the ER lumen or exit laterally into the ER membrane via
luminal, or lateral gates of the α subunit, respectively.12,13

Through interactions with numerous accessory proteins and
cofactors, the Sec61 channel complex signals with the
downstream protein folding machinery of the ER lumen,
such as BiP, as well as upstream with the cytoplasmic protein
translocation machinery.13,14

At least six natural products are known to specifically bind
Sec61 and inhibit protein import into the ER.2,3,14−18 These
specialized metabolites are produced by a diverse range of
marine and terrestrial organisms yet, as a mechanistic set,
interact with a similar region of the Sec61α subunit at the ER
luminal side of the channel.3,17−21 The potential for
pharmacological manipulation of Sec61 function was first
demonstrated when modifications to the chemical structure of
a fungal natural product inhibitor of cell adhesion, HUN-7293,
resulted in the generation of synthetic cotransins with greater
selectivity and potency for specific Sec61 substrates.15,16,22−25

The selectivity with which cotransin-like molecules, including a
natural analogue of HUN-7293 (CAM741), and a synthetic
molecule cyclotriazadisulfonamide (CADA), reversibly block
the biosynthesis of a subset of secretory pathway proteins was
found to be dependent on the ER targeting sequence of the
Sec61 substrate and the ligand concentration.15,16,25−28 Over
time, a more complete understanding of this mechanism has
formed the basis for the current pharmacologic classification of
Sec61 inhibitors that distinguishes the substrate-selective
inhibitors, acting at the level of the SP, from the broad-
spectrum inhibitors.3,14 Recent structural models of ligand-
bound human Sec61 complexes obtained using cryogenic
electron microscopy (cryo-EM) continue to support and
extend a critical role for the SP as the basis for Sec61 substrate
selectivity.12,18 For example, promising selectivity has recently
been achieved for a nontoxic cotransin-like molecule, KZR-
8445, that discriminates between pro-inflammatory cytokines
in a SP-dependent manner.12 Cytokines, such as IL-2, IL-7 and
TNFα, are sensitive to low nanomolar concentrations of KZR-
8445, while the SPs of other Sec61 substrates are insensitive
with IC50 values > 25 μM.12

Besides HUN-7293, most natural Sec61 inhibitors have
apparently evolved to inhibit ER translocation of a broad range
of Sec61 substrates and are eventually cytotoxic.2,12,18,29 This
general mechanism underlies the pharmacological properties of
several natural and synthetic Sec61 inhibitors against solid and
hematological cancer cell types.21,30−35 Human cancer cells are
sensitive to low nanomolar concentrations of CbA (1), which
can be attributed, at least initially, to the functional loss of a
broad-range of Sec61 client proteins that are critical for cell

proliferation and survival.1,3,33,36−38 Consistent with other
Sec61 inhibitors of ER protein import, 1 promotes the
degradation of Sec61 clients displaced to the cytosolic
compartment. In addition, 1 triggers cell death in concen-
tration- and time-dependent manners when proteostasis is
lost.2,3,36,37,39 Unfortunately, this primary mechanism of action
also underlies the potential of broad-spectrum Sec61 inhibitors
to induce off-target toxicity.2 Early evaluation of antitumor
efficacy of 1 in mice bearing subcutaneous xenografts revealed
an adverse safety profile after repeat dosing of the unmodified
natural product.33 Since then, extensive structure−activity
relationship (SAR) studies have identified critical elements of
the molecular substructure that render high cytotoxicity of 1
and show the feasibility of generating synthetically accessible
analogues that retain antitumor activity without inducing
subacute toxicity.40,41 However, the most promising broad-
spectrum Sec61 inhibitor developed to date is a synthetic small
molecule termed KZR-261 that potently inhibits the
expression of multiple Sec61 substrates including VEGF,
VEGFR, and EGFR.34 KZR-261 demonstrated antitumor
efficacy and was well tolerated in multiple animal models of
solid and hematological cancers, which resulted in a multi-
center Phase 1 clinical trial in patients with advanced solid
malignancies.34

Although all Sec61 inhibitors are predicted to bind and
compete for a common region within the Sec61α subunit,
extensive resistance mapping in cells and advanced structural
models have confirmed that these ligands form nonidentical
interactions with Sec61.3,12,14,17,18,21,42 Point mutations in
Sec61α conferring strong resistance to the broad-spectrum
cyanobacterial Sec61 inhibitor apratoxin A (AprA), confer only
mild resistance to 1, which suggests that the two molecules
bind distinct interfaces or possibly different conformational
states of the native channel.3 Moreover, it is unclear why some
secretory and Type-I membrane proteins are more sensitive to
CbA (1), or AprA, than closely related Sec61 clients with
similar primary sequence homology.37,43,44 Given the structural
complexity and physiochemical properties of lariat depsipetide
scaffolds,45 the present study aimed to assess the potential
impact of stereoselectivity on the action of 1. Several research
groups have previously shown that single alterations in the
stereochemistry of chiral centers in the macrocycle, or tail, of 1,
results in significant decreases in cytotoxic potency relative to
the authentic natural product.1,36,40,46−48 We compared the
pharmacological properties of 1, and two major diaster-
eoisomers, against a panel of patient-derived glioblastoma
(GBM) stem-like cells (GSCs) with clinically relevant features
of GBM including the amplification of known Sec61 substrates
such as EGFR and PDGFR (Figure S1). GBM is the most
malignant and common type of primary brain tumor, resulting
in significant mortality due to a lack of effective therapeutic
options.49 Upregulation of the Sec61 gamma subunit was first
described in GBM patient tumors, relative to low-grade glioma
and normal astrocytes,50,51 and has subsequently been reported
in several other cancers with poor prognosis.52−55 Diaster-
eomers of 1 were selected based on their ability to inhibit the
expression of a secreted Gaussia luciferase (GLuc) reporter
with nanomolar potency and the relative resistance of cells
harboring a single mutation in Sec61α versus decreased
viability observed in wild-type (WT) cells. We evaluated the
expression of representative proteins typically trafficked
through Sec61-dependent and Sec61-independent pathways
in response to treatment. Our results indicate that specific
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changes in the stereochemical configuration of CbA can be
tolerated to yield CbA-like molecules with distinct Sec61
substrate preferences and pharmacological signatures.

■ RESULTS AND DISCUSSION
Coibamide A Impairs ER Stress Signaling in Human

Glioma Stem-like Cells. Analysis of the TCGA database has
previously revealed a statistically significant upregulation of
Sec61 subunits in primary GBM tumors relative to normal

brain (Figure 1A−D), and highlighted a specific role for Sec61
gamma as a biomarker of GBM adaptation to ER stress and
poor therapeutic response in GBM patients.50,56 Given the
high sensitivity of established GBM cell lines to CbA,1,33,36 we
studied the ability of CbA to modulate the unfolded protein
response (UPR) in patient-derived GSCs for the first time.
Cancer stem cells are a major driver of disease progression and
recurrence in GBM. They can retain aggressive, stem cell
properties in culture that more faithfully model key features of

Figure 1. Coibamide A impairs UPR signaling in patient-derived glioma stem-like cells (GSCs). (A) Representation of the human Sec61 translocon
channel complex in the ER membrane, adapted from.18 (B−D) mRNA expression of Sec61A1, (B,G) subunits in nontumor versus primary GBM
tissue (TCGA data set). (E−I) Relative mRNA expression of UPR markers (BiP, CHOP, sXBP1, GADD34, IRE1) in MGG6 GSCs treated with
vehicle (0.1% DMSO), coibamide A (CbA; 80 nM), thapsigargin (TG; 300 nM), or cotreated with CbA and TG for 24 h determined by qPCR
normalized to GAPDH. (J−S) Relative mRNA expression of BiP in 83, M76 and GBM8 GSCs treated as above and determined by qPCR. Data is
expressed as fold-change compared to vehicle. Statistical significance of change is **p < 0.01, ****p < 0.001.

ACS Pharmacology & Translational Science pubs.acs.org/ptsci Article

https://doi.org/10.1021/acsptsci.4c00049
ACS Pharmacol. Transl. Sci. 2024, 7, 1823−1838

1825

https://pubs.acs.org/doi/10.1021/acsptsci.4c00049?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00049?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00049?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsptsci.4c00049?fig=fig1&ref=pdf
pubs.acs.org/ptsci?ref=pdf
https://doi.org/10.1021/acsptsci.4c00049?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. Stereochemical SAR for Inhibition of Secretory Function by Diastereoisomers of Coibamide A. Molecular structures and bioactivity
profile of (A) coibamide A (1), (B) [L-Hiv2]-CbA (2), (C) [L-Hiv2, L-MeAla11]-CbA (3), (D) [L-Hiv2, D-allo-Ile7]-CbA (4), (E) [L-Hiv2, D-allo-
Ile7, L-MeAla11]-CbA (5) and (F) apratoxin A (AprA). Secretory function of human U87-MG cells expressing Gaussia luciferase (GLuc) was
assessed in the presence or absence (0.1% DMSO), of compounds. After 18 h, GLuc activity was measured in conditioned medium while viability
was assessed in the adherent Gluc-U87 cells. Data points show mean luminescence ± standard error (S.E.) as a percentage of vehicle-treated cells
and curves represent the fit of data points by nonlinear regression analysis to a logistic equation from a comparison that was repeated in at least
three independent experiments.
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GBM, such as cellular heterogeneity and treatment resistance,
than established GBM cell lines.57,58 In preliminary studies,
exposure of GSC 157 neurospheres to 1 (100 nM), or AprA
(100 nM), induced similar changes in cell morphology
characterized by a reduction in neurosphere size at 24 h
relative to control-treated cells (Figure S2A). Expression of ER
stress marker transcripts was then measured in several GSC
lines after treatment with CbA (80 nM), thapsigargin (300
nM), or CbA plus thapsigargin relative to vehicle (0.1%
DMSO)-treated neurospheres. As anticipated, pharmacological
induction of ER stress with thapsigargin induced marked
upregulation of BiP, CHOP, sXBP1, GADD34, and IRE1
mRNA expression in GSCs (Figure 1E−L). However,

treatment with CbA almost completely abrogated thapsigar-
gin-induced upregulation of all UPR markers in GSC line
MGG6 (Figure 1E−I), and BiP mRNA expression in three
additional GCS cell lines (Figure 1J−L). BiP was previously
validated as a coibamide-sensitive Sec61 substrate in cell-free
translocation assays,3 and thus we also analyzed BiP protein
expression in response to 1. Immunoblot analysis revealed
downregulation of BiP expression in GSC MGG6 neuro-
spheres and adherent U87-MG cells (Figure S2B,C) consistent
with coibamide-induced block of BiP import into the ER by 13

and degradation by the ubiquitin-proteosome system (Figure
S2C). Under normal conditions, BiP binds to and blocks the
activation of all three branches of the UPR.59 The dissociation

Figure 3. Relative toxicity of coibamide A, [L-Hiv2]-CbA, and [L-Hiv2,L-MeAla11]-CbA to normal endothelial cells and established GBM cells.
Viability of (A) human umbilical cord vein cells (HUVECs) and human (B) U87-MG, (C) SF-295, (D) U251, and (E) SF-268 GBM cells in
response to treatment for 72 h long treatment with increasing concentrations of 1−3 or vehicle (0.1% DMSO). Cell viability was calculated as a
percentage of response to vehicle. Graphs represent mean viability ± S.E. (n = 3 wells per treatment) and curves represent the fit of data points by
nonlinear regression analysis to a logistic equation. (F) Values represent cytotoxic concentrations for 50% inhibition (CC50 ± S.E.) relative to
control, from three independent comparisons.
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of BiP from these proteins,60 or its downregulation,61,62

activates UPR signaling. Although 1 inhibits biosynthesis of a
broad range of Sec61 substrates,3 these results suggest that

GSCs may be particularly vulnerable to a loss of Sec61
function and the ability to maintain proteostasis in response to
ER stress.

Figure 4. Sec61α confers sensitivity to [L-Hiv2]-CbA and [L-Hiv2,L-MeAla11]-CbA. Concentration- and time-dependent responses in human WT
and mutant (R66I) Sec61α HCT116 colon cancer cells to the treatment with (A,B) coibamide A (1), (C,D) [L-Hiv2]-CbA (2), (E,F) [L-Hiv2, L-
MeAla11]-CbA (3), (G,H) apratoxin A (AprA), or (I,J) marizomib. Cell viability was assessed 72 h or (3 + 3 days) after the exposure to compound
or vehicle (0.1% DMSO). Data points show mean viability ± S.E. (n = 3 wells per treatment) as a percentage, relative to vehicle-treated cells and
curves represent the fit of data points by nonlinear regression analysis to a logistic equation from a comparison repeated in at least three
independent experiments.
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Select Diastereomers of Coibamide A Retain Func-
tional Activity in Living Cells. A stereochemical SAR for
evaluating the potent nanomolar toxicity of CbA (1) was first
appreciated during independent approaches to total synthesis
of the originally proposed structure.1,46−48 Both [L-Hiv2]-
coibamide (2, where Hiv is 2-hydroxyisovaleric acid),
developed by us, and the “all-L” [L-Hiv2, L-MeAla11]-
coibamide (3), developed by Yao and co-workers, showed a
significant decrease in cytotoxic potency against all cancer cell
lines tested using standard end-point cell viability assays.46,47

Fang, Su and co-workers subsequently reported a stereo-
chemical revision at two of the 13 chiral centers, as D-Hiv2 in
the side chain and D-MeAla11 in the macrocycle, that was
confirmed to match the configuration and cytotoxic potency of
natural 1 (Figure 2A).48,63 To determine if changes in
stereochemistry impact the ability of 1 to inhibit secretory
function in living cells, we utilized a whole cell assay, in which
human U87-MG glioblastoma cells stably expressing GLuc
were treated with four synthetic diastereoisomers of 1. GLuc is
a nontoxic, naturally secreted, photoprotein with a classic N-
terminal SP and thus served as a convenient model Sec61
client protein for reporting on the secretory function of living
cells in culture.64 Maintaining an L configuration of 2-
hydroxyisovaleric (Hiv) acid at position 2 in the peptide
chain, the configurations of Ile at position 7 and MeAla at
position 11 were systematically inverted. GLuc-U87 cells were
treated with increasing concentrations of 1 (CbA), 2 ([L-
Hiv2]-CbA), 3 ([L-Hiv2, L-MeAla11]-CbA), 4 ([L-Hiv2, D-allo-
Ile7]-CbA), 5 ([L-Hiv2, D-allo-Ile7, L-MeAla11]-CbA), AprA,
or vehicle (0.1% DMSO). After 18 h, aliquots of conditioned
medium were measured for bioluminescence in the presence of
the GLuc substrate coelenterazine, and all adherent cells were
assessed at the same time for viability by quantification of ATP.
As anticipated from previous testing,37 1 and AprA (0.3−300
nM) induced concentration-dependent decreases in GLuc
expression in the cell culture medium with no change in cell
viability at 18 h (Figure 2A,F). Diastereoisomers 2 (0.1 nM−1
μM) and 3 (0.1 nM−1 μM) also produced concentration-
dependent decreases in GLuc expression in viable cells,
indicating that inversion of the Hiv2 configuration in the
CbA side chain alone (Figure 2B), or in combination with
inversion of MeAla11 in the macrocycle (Figure 2C), was not
sufficient to destroy functional inhibition of GLuc secretion by
these two molecules. In contrast, substitution of L-Ile7 in the
macrocycle with D-allo-Ile, either alone (4; Figure 2D) or in
combination with inversion of MeAla11 (5; Figure 2E) resulted
in a loss of functional efficacy relative to 1−3 or AprA. These
findings are consistent with the conclusion that 1 has a well-
defined conformation that is highly sensitive to any changes in
stereochemistry of the chiral centers in the macrocycle or side
chain.40 As 2 and 3 retained the ability to inhibit GLuc
secretion with nM potency, we focused the rest of our study on
these two functionally active diastereomers of 1.
[L-Hiv2]-CbA and [L-Hiv2, L-MeAla11]-CbA Target

Sec61 and are Less Toxic than Coibamide A. The relative
cytotoxicity of 2 and 3 was compared in normal human
umbilical endothelial vein cells (HUVECs) and four
established human glioblastoma cell types (U87-MG, SF-295,
U251, and SF-268). All cells were exposed to increasing
concentrations of 1 (0.1 nM−1 μM), 2 (0.1 nM−1 μM), 3
(0.1 nM−1 μM), or vehicle (0.1% DMSO) for 72 h and
assessed for viability by quantification of ATP relative to
control cultures (Figure 3A−E). In all comparisons, 2 and 3

were less cytotoxic than 1 with 3 showing the greatest loss of
cytotoxic potency and efficacy under these assay conditions
(Figure 3F). These findings served to confirm and extend the
results of individual testing of 2 or 3 alone, where a change in
the configuration at position 2 was associated with a 4- to 8-
fold decrease in cytotoxic potency relative to 147 and the
cytotoxic efficacy of 3 was shifted to the micromolar range.46

Consistent with the results of earlier comparative testing of 2
against a mixed panel of established cancer cell types
representing human lung, breast, prostate, and GBM,47 the
magnitude of the change in sensitivity to 2 varied across GBM
cell types tested and was not necessarily predicted (Figure 3B−
F). For example, U87-MG cells were most sensitive to 1 and 2,
with 2 being approximately 13-fold less potent than 1.
However, 2 was only 5-fold less sensitive than 1 against SF-
295 cells (Figure 3F). In contrast, U251 and SF-268 cells were
inherently less sensitive to 1 (EC50 > 700 nM) than U87-MG
cells (EC50 = 18 nM) and thus the magnitude of change in
sensitivity to 2 was less (Figure 3F). These results continue to
support the observation that human cancer cells show
differential sensitivity to individual Sec61 inhibitors and that
structural refinement of the CbA pharmacophore may
ultimately yield target-specific ligands that retain anticancer
efficacy with a more favorable safety profile.
To determine if 2 and 3 retain the ability to interact with the

Sec61 translocon channel, we utilized HCT116 colon cancer
cells harboring a single point mutation (R66I) in the plug
region of the Sec61α subunit. This R66I mutation was
previously identified in a chemogenetic screen and conferred
mild resistance to 1 and strong resistance to several other
substrate-selective and broad-spectrum Sec61 inhibitors.2,3,21

WT and R66I mutant HCT116 colon cancer cells (Figure 4),
or HEK293 cells engineered with the same mutation (Figure
S3), were exposed to increasing concentrations of 1 (0.03
nM−300 nM), 2 (0.3 nM−1 μM), 3 (0.3 nM−3 μM), AprA
(0.03 nM−300 nM) or an unrelated proteasome inhibitor,
marizomib (0.03 nM−1 μM), for either 72 h or 6 days (using a
3 + 3 day exposure to avoid nutrient deprivation65). As
anticipated, side-by-side cell viability testing revealed a shift in
the concentration−response relationship of the R66I cells to 1,
reflecting mild resistance (Figure 4A;3), that was maintained
after extended exposures (Figure 4B). Concentration−
response analysis of 2 also revealed a decrease in cytotoxic
efficacy in Sec61 (R66I) cells at both assay end points relative
to WT HCT116 cells (Figure 4C,D). In contrast, 3 induced no
change in the cell viability at 72 h (Figure 4E), and a pattern of
resistance was revealed in the R66I mutant cells at the
extended end point (Figure 4E,F). The R66I mutation
conferred strong resistance to AprA (Figure 4G,H) and did
not change the cytotoxic efficacy of marizomib (Figure 4I,J).
These patterns of resistance to 2 and 3 were maintained in
HEK293 cells engineered to stably express the same Sec61-
(R66I) mutation relative to WT cells (Figure S3). Further,
mutant Sec61(R66I) HEK293 cells were resistant to 1 and
AprA yet remained highly sensitive to marizomib (Figure
S3A−J). These data strongly suggest that diastereomers 2 and
3 retain structural conformations that are sufficient for target
engagement with Sec61 and that R66I, located in the mobile
plug region of the Sec61α subunit,18 is either in contact with,
or modulated by, 2 and 3.
[L-Hiv2]-CbA and [L-Hiv2, L-MeAla11]-CbA Inhibit

Expression of Secreted and Transmembrane Sec61
Clients. To explore the selectivity profile of 2 and 3, beyond
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potent inhibition of GLuc secretion (Figure 2), we compared
the impacts of these diastereomers on the expression of several
proteins that are typically trafficked through Sec61-dependent
or Sec61-independent pathways. We surveyed the relative
expression of two surface adhesion Sec61 clients, VCAM1 and
ICAM1, previously used to define the SAR of the
cotransins.23,25 For these studies, human SF-295 cells were
pretreated with the proinflammatory cytokine TNFα (10 ng/
mL) to stimulate the expression of endogenous VCAM1 and
ICAM1. Immunoblot analysis of cell lysates with or without
increasing concentrations of 2, 3, or vehicle (0.1% DMSO)
showed concentration-dependent decreases in VCAM1 and
ICAM1 expression after 24 h. Both cell adhesion proteins were
significantly downregulated in response to 2 (Figure 5A,B) and
3 (Figure 5C,D). VCAM1 was approximately 7-fold more
sensitive to 2 (IC50 = 88 nM) than 3 (IC50 = 620 nM) and
VCAM1 was more sensitive than ICAM1 to both compounds
(Figure 5). Although less potent than 1 (Figure S4A,B;3), 2
was fully efficacious, and 3 was partially effective in suppressing
TNFα-stimulated VCAM1 expression in SF-295 cells (Figure
S4A,B). Diastereomers 2 and 3 also induced statistically
significant decreases in the level of VCAM1 transiently
expressed in HEK293 cells (Figure S4C,D).
In a comparison of the expression of BiP, a second secreted

ER-resident protein [calreticulin (CALR)], three cytosolic heat
shock proteins (Hsp90, Hsp70, and Hsp40), and two
multipass transmembrane proteins [Sec61α and multidrug
resistance 1 (MDR1)], only BiP (Figure 6A−D) and CALR
(Figure 6A,B) were downregulated in response to the
treatment. In the presence of a relatively high (1 μM)
concentration of each diastereomer, fixed at 50-fold higher
than the IC50 for GLuc inhibition by 3, BiP was suppressed by
2 in normal HUVECs and U87-MG GBM cells, whereas 3
induced no statistically significant change in BiP (Figure 6A,B).
CALR showed a similar expression pattern in response to 1−2
and was less sensitive to 3 (Figure 6A,B). In contrast, 1−3

induced a statistically significant upregulation of Hsp40 in
U87-MG cells, while 1 and 2 also induced upregulation of
Hsp70 and Hsp90 (Figure 6A,B). None of the compounds
(1−3) induced statistically significant changes in the
expression of Sec61α or MDR1 (Figure 6A,B), consistent
with previous studies concluding that multipass transmem-
brane proteins undergo Sec61-independent biogenesis at the
ER membrane.3,20,66,67 Compensatory upregulation of cyto-
solic Hsps has been noted in response to Sec61 inhibition,68

and thus these observations suggested that the bioactivity
profile of 2 and 3 was similar to 1.
Given that relatively high concentrations are required to

inhibit the expression of VCAM1, ICAM1, BiP, or CALR,
relative to the potency with which 2 and 3 inhibited GLuc
(IC50 < 20 nM), we extended our survey of extracellular
proteins. A pattern, whereby Sec61-dependent secreted
proteins are more sensitive than membrane proteins, has
been previously noted for cotransin,28 and thus, we submitted
conditioned medium from SF-268 glioblastoma cell cultures
for independent quantification against a panel of human
cytokines and chemokines (Figure 7). In preliminary studies, 2
and 3 induced statistically significant inhibition of VEGF-A (a
CbA-sensitive Sec61 client33) at 24 h (Figure S5A) and this
inhibition was sustained 24 h after removal of 2 and 3 and
replacement with serum-free medium (Figure S5B,C). Toward
the goal of defining the most sensitive population of proteins,
conditioned medium was, therefore, collected 24 h after
removal of 2 (1 μM), 3 (1 μM), or vehicle (0.1% DMSO) and
submitted for analysis (Figure 7). Of the 43 different secreted
proteins quantified in the SF-268 secretome, the expression of
24 proteins was decreased by <50% after exposure to 2 (Figure
7A), and the expression of 18 proteins was decreased by <50%
after 3 (Figure 7B), relative to protein expression in vehicle-
treated cells. Sensitive proteins were generally predicted to be
trafficked via Sec61 (Table S1); however, the rank order of
sensitivity of proteins to 2 was different from that of 3 (Figure

Figure 5. Cytokine-induced expression of endogenous VCAM1 and ICAM1 is suppressed by [L-Hiv2]-CbA and [L-Hiv2,L-MeAla11]-CbA.
Immunoblot analysis of type 1 cell adhesion molecules VCAM1 and ICAM1 in human SF-295 glioblastoma cells exposed to increasing
concentrations of [L-Hiv2]-CbA (2) or [L-Hiv2, L-MeAla11]-CbA (3), relative to vehicle (0.1% DMSO)-treated and untreated (UT) cells for 24 h.
SF-295 cells were cotreated with 2 or 3 in the presence of TNFα (10 ng/mL). Images in panels (A,C) show representative expression of cell
adhesion molecules relative to loading control (αtubulin). Quantifications of immunoblot data from three independent experiments are shown on
panels (B,D). Statistical significance of change relative to vehicle (0.1% DMSO) is *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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7A−C). For example, IL-15, VEGF-A, and IFN-gamma
represented the top three most sensitive proteins to 2 (Figure
7A), whereas these three proteins were not the top three
proteins most sensitive to 3; VEGF-A was the second most
sensitive protein to 2 (IC50 = 13 nM) and the twelfth most
sensitive protein to 3 (IC50 = 171 nM) (Figures 7B and S5C).
These results expand the range of known Sec61 substrates
inhibited by CbA compounds to include other growth factors,
interleukins, and chemokines. Further, the striking differential
sensitivity of secreted proteins to 2 and 3 (Figure 7C)
suggested that these diastereomers have distinct pharmaco-
logical signatures, presumably due to subtle differences in the
spatial arrangement of 1, 2, and 3 within the Sec61 inhibitor-
binding pocket.3,18

Human Glioma Stem-like Cells are Differentially
Sensitive to Coibamide A, [L-Hiv2]-CbA, and [L-Hiv2, L-
MeAla11]-CbA. Six different GSCs isolated from patients with
primary or recurrent GBM, collectively representing a range of
distinct molecular features with clinical significance (Figure

S1), were used to compare the bioactivity profiles of 2 and 3.
For these studies, all GSCs were expanded and maintained in
suspension as neurospheres before exposure to increasing
concentrations of 1, 2, and 3, or vehicle (0.1% DMSO) for 72
h. The viability of 5/6 GSC lines tested was dramatically
reduced by exposure to sub- to low nanomolar concentrations
of 1 (EC50 < 4 nM), with only GSC type 83 showing reduced
sensitivity to 1 (EC50 ∼ 100 nM), and relative resistance to 2
and 3 (Figure 8A−C). The same five GSC lines (M120,
MGG6, M76, GBM8, and 157) were also sensitive to sub- to
low micromolar concentrations of 2 or 3 (Figure 8D−G), with
EC50 values of <3 μM for 2 (Figure 8E) and <6 μM for 3
(Figure 8G). GSC line 83 was also the least sensitive to 2 or 3
(up to 16 μM) in these assays (Figure 8D−G). Remarkably,
the five coibamide-sensitive GSCs showed differences in the
rank order of sensitivity to 1, 2, and 3, suggesting that
stereochemical rearrangement of 1 generates bioactive
diastereomers that behave as distinct compounds and confer
some degree of GSC type-specific toxicity through broad

Figure 6. Expression analysis of representative Sec61 and non-Sec61 client proteins in response to [L-Hiv2]-CbA and [L-Hiv2,L-MeAla11]-CbA.
(A) Expression of ER secretory pathway [BiP, calreticulin (CALR)], cytosolic heat shock (Hsp90, Hsp70, Hsp40), and polytopic transmembrane
(Sec61α subunit, MDR1) proteins relative to α-tubulin (loading control) in human U87-MG glioblastoma cells exposed to 1 (30 nM), [L-Hiv2]-
CbA 2 (1 μM), [L-Hiv2, L-MeAla11]-CbA 3 (1 μM), or vehicle (0.1% DMSO) for 24 h. (B) Quantification of immunoblot data (panel A) from
three independent experiments. (C) Immunoblot analysis of BiP and GAPDH (loading control) in HUVECs in response to 1 (30 nM), [L-Hiv2]-
CbA 2 (1 μM), [L-Hiv2, L-MeAla11]-CbA 3 (1 μM), or vehicle (0.1% DMSO) for 24 h. (D) Quantification of immunoblot data (panel C) from
three independent experiments. Statistical significance of change relative to vehicle (0.1% DMSO) is *p < 0.05, **p < 0.01, ***p < 0.005, ****p <
0.001.
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inhibition of ER protein import. This kind of selective
vulnerability of human cancer cells to individual Sec61
inhibitors has been noted following comparative analysis of
cytotoxicity to 1, AprA, and the plant-derived Sec61 inhibitor
ipomoeassin F.2,3 Although all three structures target Sec61,
phenotypic screening against the same National Cancer
Institute 60 (NCI-60) human tumor cell line panel resulted
in distinct selectivity profiles for each ligand.2,3 These data
expand this observation to reveal differences in the sensitivity
of GSCs to specific stereoisomers of 1.
The extreme heterogeneity of GBM and the discovery of

subpopulations of GSCs within the same tumor mass that
exhibit phenotypic, functional, and metabolic plasticity
continues to represent a significant barrier to the successful

development of new single-agent therapeutics.69−72 Thus, the
cytotoxic potency and efficacy of 1−3 were surprising in that
most of the GSCs within the small panel used in the present
study were affected. As a group, the CbA-sensitive GSCs
represented proneural (M120, MGG6, 157, GBM8), classical
(M76) and mesenchymal-like (83) subtypes each with a range
of different genetic alterations (Figure S1). The gene encoding
the gamma subunit of Sec61 is located with EGFR on the
region of human chromosome 7p11.2 that is frequently
amplified in GBM leading to overexpression of Sec61 gamma
in primary GBM with EGFR amplification.50,56,69,73 However,
1−3 were not more selective for GSCs with EGFR
amplification, suggesting that the loss of other Sec61 client
proteins may be as critical to GSC viability as the maintenance

Figure 7. Differential inhibition of secreted human cytokines/chemokines by [L-Hiv2]-CbA and [L-Hiv2,L-MeAla11]-CbA. Secretome analysis of
cytokine/chemokine released into the medium of human SF-268 glioblastoma cells 24 h after removal of (A) [L-Hiv2]-CbA 2 (1 μM), or (B) [L-
Hiv2, L-MeAla11]-CbA 3 (1 μM). After 24 h incubation, cell culture medium containing test compound or vehicle (0.1% DMSO) was removed and
replaced with serum-free medium for an additional 24 h. Expression of proteins in the conditioned-medium was analyzed by addressable multiplex
laser-bead immunoassay (by Eve Technologies Corp.) and expressed as a percentage expression in vehicle-treated cells. (C) The resistance (blue)
and sensitivity (red) of secreted proteins detected in the conditioned medium (pg/mL) ranked as a heatmap.
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of intracellular ER protostasis. For example, the ability of these
ligands to broadly suppress autocrine signaling at low
nanomolar concentrations, and disrupt the biosynthesis of
tumor-supportive chemotactic signals, may represent a
particularly desirable pharmacologic property. CbA and AprA
are also potent inhibitors of protein glycosylation and
maturation in the ER, resulting in the polyubiquitination and
proteasomal degradation of immature forms of Sec61-depend-
ent client proteins3,33,37,74 (Figure S2C). In this context, the
tumor-supporting function of the Sec61 channel complex, and
the potential for targeting Sec61 in GBM to enhance CD8+ T-
cell mediated cytotoxicity has been recently demonstrated by
Zeng and coauthors.73 The glycosylation status of immune

checkpoint ligands, such as protein death-ligand 1 (PD-L1), is
a critical determinant of PD-L protein stability and immune
escape signaling.75,76 Knockdown of SEC61G, or pharmaco-
logical inhibition of Sec61 with eeyarestatin, decreased
glycosylation and increased the ubiquitination of several
immune checkpoint ligands, while also increasing the
infiltration and cytotoxic activity of CD8+ T-cells in
immunocompetent mouse models of GBM.73

At present, the mechanistic basis for the reduced sensitivity
of GSC line 83 to 1−3 is unclear. Immunoblot analysis of
lysates prepared from GSC line 83 revealed a decrease in BiP
expression in response to 1 and 2 (Figure S5D), providing
indirect evidence of Sec61 target engagement in GSC line 83

Figure 8. Patient-derived glioma stem cells (GSCs) are differentially sensitive to coibamide A, [L-Hiv2]-CbA, and [L-Hiv2,L-MeAla11]-CbA.
Viability of six different patient-derived GSCs exposed to increasing concentrations of (A,B) CbA 1, (C,D) [L-Hiv2]-CbA 2, (E,F) [L-Hiv2, L-
MeAla11]-CbA 3, or vehicle control (0.1% DMSO) for 72 h. The resistance (blue) and sensitivity (red) of the cells to the compounds at the mean
cytotoxic concentration that reduces the cell viability by 50% (CC50) was ranked for each compound as a heatmap: (B) 1, (D) 2, and (F) 3.
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as observed in U87-MG cells and HUVECs (Figure 6A,C).
Yet, these cells were least affected by all three ligands.
Although the EGFR variant III (EGFRvIII) receptor (a feature
of GSC line 83) maintains an N-terminal SP and is predicted
to remain constitutively active at the cell membrane due to
deficits in endocytosis,77,78 further studies will be required to
determine the extent to which nascent EGFRvIII relies on
Sec61-dependent trafficking. In summary, this work highlights
the potential utility of broad-spectrum Sec61 inhibitors as
chemical probes to study how the loss of autocrine signaling
and ER proteostasis induces cell death in GSCs. These studies
also provide a framework for future optimization of Sec61
ligands to selectively inhibit the biosynthesis and maturation of
tumor-supporting drivers of GBM that rely on the import of
Sec61 into the ER secretory pathway.

■ MATERIALS AND METHODS
Chemicals, Reagents, and Plasmids. The isolation and

purification of apratoxin A has been described previously.79

Peptides 1−5 were synthesized by the identical procedure
described previously with minor modifications.3 Each com-
pound was reconstituted in 100% cell culture grade DMSO
Millipore-Sigma (Burlington, MA), aliquoted, and stored as
concentrated (mM) stock solutions in amber borosilicate glass
vials at −20 °C for use in biological studies. Marizomib and
doxycycline were from MilliporeSigma (Burlington, MA),
reconstituted in 100% DMSO, and stored at −20 °C.
Coelenterazine was from Promega Corporation (Madison,
WI) and was reconstituted in methanol. Recombinant human
TNFα was purchased from Thermo Fisher Scientific Inc.
(Carlsbad, CA) and was reconstituted in 5% bovine serum
albumin in phosphate-buffered saline. Plasmids encoding
Gaussia luciferase (GLuc) in a self-inactivating lentivirus
vector for lentiviral transduction, and full length VCAM1 in
the mammalian expression vector pCDNA3.1 for transient
transfection studies was described previously.3,37 All general
laboratory reagents were from VWR International (Radnor,
PA) and for titrations, compounds, or vehicle (0.1% DMSO)
were delivered using a Hewlett-Packard (HP) D300 Digital
Dispenser with HP Dispensing Software (version 3.2.2).
Primary Cells and Established Cell Lines. Human

umbilical vascular endothelial cells (HUVECs), pooled from
multiple donors (no. C01510C), were purchased from Thermo
Fisher Scientific Inc. Primary GBM cells used in this study
were dissociated from deidentified patient tumors and
expanded as previously described.80 MGG6 and GBM8 were
provided by Dr. H. Wakimoto at MGH, M76 and M120 were
provided by Dr. Sarkaria69 at The Brain Tumor PDX National
Resource at Mayo Clinic, and 157 and 83 were provided by Dr.
Nakano.70 In brief, GSCs were maintained in DMEM/F12
(Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12)
medium supplemented with B27 (without vitamin A; 1:50;
Life Technologies), heparin (2 μg/mL; Sigma-Aldrich), human
recombinant Epidermal Growth Factor (EGF; 20 ng/mL;
ABM), and human recombinant basic fibroblast growth factor
(bFGF-2; 10 ng/mL; ABM).
Human U87-MG and HEK-293T embryonic kidney cells

were from the American Type Culture Collection (ATCC,
Manasses, VA). U87-MG cells were infected with lentivirus in
the presence of 8 μg/mL Polybrene (Sigma-Aldrich) as
described previously,37 to yield GLuc-U87 cells. Human SF-
295, SF-268, and U251 glioblastoma cells were obtained from
the National Cancer Institute (NCI) cell line repository

(Fredrick, MD). Human HCT116 colon cancer cells with WT
Sec61α and mutant R66I Sec61α, and HEK293FRT with the
same Sec61α mutation, were generated at the University of
Helsinki, Finland.17 GLuc-U87, U87-MG, and U251 cells were
cultured in Minimum Essential Medium (MEM) with Earl’s
salts and L-glutamine (Corning Life Sciences), supplemented
with 10% fetal bovine serum (FBS; Hyclone, Logan, UT) and
100 U/mL penicillin and 100 mg/mL streptomycin (1%
penicillin/streptomycinSF-268), HEK293T, and HEK293FRT
cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) with 10% FBS, 1% penicillin/streptomycin, L-
glutamine (6 mM), and sodium pyruvate (1 mM). SF-295
cells were cultured in RPMI 1640 medium with 10% FBS and
1% penicillin/streptomycin. HCT116 cells were cultured in
McCoy’s 5A medium supplemented with 10% FBS and 1%
penicillin/streptomycin. All cells were grown under standard
conditions and maintained at 37 °C in an atmosphere of 5%
CO2.
Quantitative Real-Time PCR (qPCR). All procedures for

RNA extraction from GSCs and performing qPCR, the primer
sequences for amplification of specific genes, and methods for
quantification of relative mRNA expression have been
described previously.80

Gaussia Luciferase (GLuc) Secretory Assay. GLuc-U87
cells were seeded at 3000 cells/well into 96-well plates and
allowed to adhere overnight. The next day, seeding medium
was replaced with complete medium containing test com-
pounds or vehicle, and plates were returned to the incubator.
Following an 18 h treatment, 20 μL of the conditioned cell
culture medium was removed from each well and transferred to
96-well white-walled plates. Subsequently, 50 μL of 1.68 μM
coelenterazine was injected into each well for a final
concentration of 1.2 μM, and luminescent signals were
measured using a multimode microplate reader (Biotek
Synergy HT) with Gen5 software and compared across
conditions (3 s wait, 0.5 s integration time following
coelenterazine injection).
Cell Viability Assays. Cell viability was assessed at the end

point of each assay using a CellTiter-Glo Luminescent assay
designed to detect ATP (Promega Corp.).
Analysis of Protein Expression by Western Blot and

ELISA. For immunoblot analysis, cells were processed as
described previously.36 Lysates were adjusted for protein
content using a bicinchoninic assay and mixed with a Laemmli
sample buffer. Proteins were separated by SDS-PAGE and
immobilized on PVDF membranes. Membranes were sub-
sequently blocked in 5% (w/v) nonfat dry milk in 50 mM Tris-
HCl, pH 7.4, 150 mM NaCl (TBS) plus 0.1% Tween-20
(TBS-Tween), and then incubated overnight (at 4 °C) with
the appropriate primary antibody. The next day, membranes
were washed in TBS-Tween (3 × 5 min) and incubated with
an appropriate IgG HRP-conjugated secondary antibody for 1
h at room temperature. Finally, membranes were washed in
TBS-Tween (3 × 5 min), and proteins were revealed using a
chemiluminescence reaction (Amersham ECL reagent, GE
Healthcare, Chicago, IL). Images were captured using an
iBright CL1500 image analysis system (Thermo Fisher
Scientific). Primary antibodies: VCAM-1 (#13662), BiP/
GRP78 (#3177), HSP90 (#4877), HSP70 (#4873) and
HSP40 (#4871), GAPDH (#5174) α-Tubulin (#2125) were
from Cell Signaling Technology Inc. (Danvers, MA). ICAM-1/
CD54 (sc-8439) and MDR1/ABCB1 (sc-55510) were from
Santa Cruz Biotechnology Inc. (Dallas, TX), and anticalreti-
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culin (ab92516) was from Abcam (USA). Secondary antibod-
ies were from Cell Signaling Technology Inc.: antirabbit
(#7074) and antimouse (#7076). Expression of VEGFA in the
cell culture medium was analyzed by ELISA using reagents
from Thermo Fisher Scientific (#BMS277−2).
Secretome Profiling of Human Chemokines. Human

SF-268 glioblastoma cells were seeded into 96-well plates, as
described above. The next day, seeding medium was replaced
with complete medium containing test compounds or vehicle,
and plates were returned to the incubator for 24 h. At the end
of treatment, the cell culture medium in all wells was replaced
with serum-free medium only. After 24 h, the conditioned
medium was harvested and concentrated (Thermo Fisher,
catalog no. 88515) by centrifugation for 75 min at 4000g.
Supernatants were flash-frozen with liquid nitrogen and
submitted to Eve Technologies Corp., Calgary, Canada, for
independent testing against a Human Cytokine/Chemokine
Panel A 48-Plex Discovery Array. Forty-three proteins were
quantified (Table S1) and five proteins (MIP-1b, IL-12p70, IL-
3, IFN-a2, and EGF) were omitted from the analysis because
their contents were below the level of detection. SPs, presented
in Table S1, were identified through the Uniprot protein
database.
Data Analysis. Concentration−response relationships were

analyzed, and IC50 (Sec61 substrate inhibition) or CC50 (cell
viability) values determined by nonlinear regression analysis fit
to a logistic equation using GraphPad Prism Software version
10.0.02 (GraphPad Software Inc. San Diego, CA). For
immunoblot analysis, signals were normalized to the intensity
of control proteins (α-tubulin or GAPDH) and quantified with
respect to control using an ImageJ software (rsbweb.nih.gov/
ij). Heatmaps were created based on the CC50 value for each
GSC type and ranked for each compound from most resistant
(blue) to most potent (red) using a color gradient scheme in a
GraphPad Prism software. Statistical significance of the data
derived from cell viability assays and quantification of
immunoblot assay were performed using one-way analysis of
variance (ANOVA) followed by a Student’s t-test comparing
untreated controls and treatment groups. P-lower than 0.05
were considered significant.
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