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Abstract

Apratoxin A is a natural product with potent antiproliferative
activity against many human cancer cell lines. However, we and
other investigators observed that it has a narrow therapeutic
window in vivo. Previous mechanistic studies have suggested its
involvement in the secretory pathway as well as the process of
chaperone-mediated autophagy. Still the link between the bio-
logic activities of apratoxin A and its in vivo toxicity has remained
largely unknown. A better understanding of this relationship is
critically important for any further development of apratoxin A as
an anticancer drug. Here, we describe a detailed pathologic
analysis that revealed a specific pancreas-targeting activity of
apratoxin A, such that severe pancreatic atrophy was observed in

apratoxin A–treated animals. Follow-up tissue distribution stud-
ies further uncovered a unique drug distribution profile for
apratoxin A, showing high drug exposure in pancreas and
salivary gland. It has been shown previously that apratoxin
A inhibits the protein secretory pathway by preventing cotran-
slational translocation. However, the molecule targeted by
apratoxin A in this pathway has not been well defined. By using
a 3H-labeled apratoxin A probe and specific Sec 61a/b antibo-
dies, we identified that the Sec 61 complex is the molecular
target of apratoxin A. We conclude that apratoxin A in vivo
toxicity is likely caused by pancreas atrophy due to high apra-
toxin A exposure. Mol Cancer Ther; 15(6); 1208–16. �2016 AACR.

Introduction
Natural products have been a rich source for cancer drug

discovery. Approximately, three quarters of currently used
anticancer drugs are either natural products or natural prod-
uct–related molecules (1). In addition to their therapeutic
applications, natural products are also widely used as tools to
probe unknown biologic systems in cells, due to their often
selective and potent interactions with a wide variety of biologic
molecules (2).

Apratoxins, a class of cyclodepsipeptide isolated from
marine cyanobacteria, have been shown to have potent anti-
cancer activity against several cancer cell lines in vitro (3–6).
However, the mode of action for apratoxins is different from

current known standard agents (7). Hence, varied approaches
have been applied to elucidate the cellular target and mech-
anism of apratoxin A. Among the different apratoxins, apra-
toxin A showed the most potent cytotoxicity activity. Thus far,
it has been used mainly by researchers for mechanistic studies.
Apratoxin A was demonstrated to induce G1 arrest and to
antagonize the FGFR signaling pathway by inhibiting the
phosphorylation of STAT3 (7). It has also been suggested that
apratoxin A can stabilize Hsc70/Hsp70 interaction with Hsp90
client proteins to prevent their binding to Hsp90; such stabi-
lization results in degradation of EGFR and ErbB2 through
chaperone-mediated autophagy (8). In a cell-free in vitro sys-
tem, apratoxin A was also shown to inhibit the secretory
pathway by preventing cotranslational translocation of newly
synthesized proteins (9).

Although apratoxin A showed promising antiproliferative
activity, undesirable in vivo toxicity was found to limit the
dose that can be given to the animals. This leads to minimal or
no in vivo activity against xenograft tumor models (3, 10).
Improvement of the toxicity profile has been reported after
chemical modifications were made to its structure. Several
analogues have been reported with better tolerability and
enhanced tumor killing activity in vivo (11, 12). However,
improved understanding of the detailed mechanism of in vivo
toxicity is required to develop appropriate screening assays
to identify drug candidates with minimal toxicity and maximal
efficacy. In this pursuit, we identified the pancreas as the
main target organ of apratoxin A. Our follow-up molecular
studies further indicate that Sec 61 is a molecular target for
apratoxin A.
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Materials and Methods
Cell culture

Humanbreast cancer cell linesHCC2218,UACC-893, SK-BR-3,
T-47D, MDA-MB-436, BT-474, HCC1428, AU-565, MDA-MB-
231, BT-549, HCC1806, MDA-MB-468, HCC1954, Hs578T,
BT-20, MDA-MB-453, HCC70, and MCF-7 cells were obtained
from the ATCC, and CAL-51 was obtained from DSMZ (German
CollectionofMicroorganisms andCell Cultures).Humanovarian
cancer cell lines OVCAR3, OV-90, TOV-112D, SK-OV-3, and
TOV-21G were obtained from the ATCC. Human ovarian cancer
cell lines COV504 and A2780were obtained from Sigma-Aldrich,
and OV56 and COV362 were obtained from DS Pharma Bio-
medical. Human ovarian cancer cell lines EFO-27, EFO-21 and
Colo-704 were obtained from DSMZ; OVSAHO and OVTOKO
were obtained from JCRB (Japanese Collection of Research Bior-
esources). Human endometrial cancer cell lines HEC-1, HEC-1-A,
HEC-1-B,HEC-6,HEC-59,HEC-50B,HEC-108,HEC-88nu,HEC-
151, HEC-251, HEC265, and SNG-II, MEF-296 were obtained
from DSMZ. RL95-2, ECC-1, KLE, and AN3 CA were obtained
from the ATCC. Human pancreatic cancer cell lines MIAPaCa-2,
HPAC, PANC-1, HPAF-2, CFPAC-1, and ASPC-1 were obtained
from the ATCC. Human pancreatic cancer cell line KP-1 was
kindly provided by Dr. Akihiro Funakoshi at the National Hos-
pital Organization Kyushu Cancer Center (Kyushu, Japan). All
human skin cancer cell lines RPMI-7951, SK-MEL-2, SK-MEL-28,
A2058, and CHL-1 were from the ATCC. Human lung cancer cell
line A549, human colon cancer cell line HCT116, and human
pancreatic cancer cell line BxPC-3 were all obtained from the
ATCC. Human lung cancer cell line H522 T1 is a subline derived
from H522 (ATCC) xenografted tumors, and BxPC3 T1 is a
subline derived from BxPC3 xenografted tumors. The AR42J rat
pancreatic exocrine cell line was obtained from the ATCC. All cell
lines were cultured in vendor-recommended growth media with
10% to 15% FBS and conditions (37�C and 5% CO2). Cell lines
were acquired from different sources (as described above) in the
past years, and they were used to prepare early passage stocks (less
than 5) after arrival and stored in Eisai cell bank. For all the
analyses, all cell lines were started with early passage stocks stored
in Eisai cell bank and assayed before reaching 15 passages in
culture. Short tandem repeat profilingmethodwas applied for cell
line authentication in ATCC, DSMZ, Sigma-Aldrich, and JCRB.
Cell lines fromDSPharma Biomedical andDr. Akihiro Funakoshi
do not have cell line authentication record available.

Compounds
The synthesis strategies and procedures of apratoxin A, C.18-

epi-apratoxin A, and [3H]apratoxin A were similar to reported
procedures (13–20). Abbreviated synthetic schemes for
[3H]apratoxin A and C.18-epi-apratoxin A are depicted in Sup-
plementary Figs. S1 and S2, respectively. The [3H]apratoxin A
precursor compound de-methyl apratoxin A was synthesized
using a similar scheme as for apratoxin A and C.18-epi-apratoxin
A, butwith a different protection group.HUN-7293was a natural
product purified from the fungus. Brefeldin A, trapoxin A, and
tunicamycin were purchased from Sigma-Aldrich. Doxorubicin,
methotrexate, and paclitaxel were purchased from WAKO.

Antibodies
The sources of antibodies were as follows: anti-Hsp90 (AC88

and 2D12; Enzo), anti-Hsp70/Hsc70 (BB70, Enzo; W27 and 4G4

are both from Santa Cruz Biotechnology Inc.), anti-grp78/Bip
antibody (ADI-SPA-826, Enzo; and ET-21, Sigma-Aldrich),
anti-Hsp40 (C-20; Santa Cruz Biotechnology Inc.), anti-SEC61
alpha (07-204; EMD Millipore), anti-SEC61 beta (07-205; Milli-
pore), and anti-PTTG1 (34-1500; Life Technologies).

In vitro growth inhibition assay
Cellswere seeded in96-well tissue culture plates at 500 to 3,000

cells/well (seeding density empirically adjusted for cell prolifer-
ation rate). Cells were allowed to attach for aminimumof 5 hours
prior to addition of varied concentration of apratoxin A. Four days
after the treatment, CellTiter-Glo reagent (Promega) was added to
all wells to assess cell proliferation/viability. Luminescence was
measured using an Envision microplate reader (Perkin Elmer).
The IC50 values were calculated as the concentration which
inhibited cell growth to 50% of the level observed in cells treated
with DMSO. For the 12-cell line panel analysis, cells were seeded
in 384-well tissue culture plates at densities ranging from 500 to
1,000 cells/well, followed by overnight preculture and 3-day
compound treatment. Relative cell numbers were quantified by
Cell Counting Kit-8 (Dojindo) according to the manufacturer's
instruction. Cell numbers were measured right before addition of
drug and again 3 days after treatment in duplicated wells. Cell
number increment was calculated, and the GI50 values were
determined as the concentration that inhibited cell growth to
50% compared with DMSO control-treated cells. The cell lines
thatwere used for the 12-cell line panelwereHCT116, RPMI7951,
SK-MEL-2, SK-MEL-28, A2058, CHL-1, MeWo, OV56, OVCAR4,
SKOV3, EFO-21, and COV362.

Animal studies
All the procedures related to animal handling, care, and the

treatment in this study were performed according to the guide-
lines approved by the Institutional Animal Care and Use Com-
mittee of Eisai Inc. following the guidance of the Association for
Assessment and Accreditation of Laboratory Animal Care. For the
tumor xenograft efficacy study, 6-week old female NCr nu/nu
mice (Charles River Laboratories) were implanted subcutaneous-
ly with 5� 106 cells (BxPC-3 T1 or A549) per mouse. Six (BxPC-3
T1) or eight (A549) days later, tumor-bearing mice were random-
ized to vehicle and treatment groups according to tumor
volume, which was calculated by the formula of a prolate ellip-
soid: (L x 2W)/2, where L and W are the respective orthogonal
length and width measurements (mm). Apratoxin A was formu-
lated in vehicle dosing solution (10% ethanol, 5% Tween-80, and
85% saline), and animals were dosed intravenously by their body
weight at the time of dosing (10 mL/kg). Tumor volumes were
measured two times weekly throughout the experiment. For the
toxicity study, 6-week old BALB/c mice were treated with two
doses of 0.75 mg/kg apratoxin A with a 7-day interval between
doses. Animals were euthanized 2 days after the final dose for
tissue collection and histopathologic analysis. For the tissue
distribution study, A549 xenograft-bearing female NCr nu/nu
mice were prepared as described above. Following i.v. adminis-
tration, blood and tissue samples (liver, lung, pancreas, salivary
glands, and tumor) were collected at 10 minutes and 1, 3, 8, 24,
and 48 hours after dose. The concentration of apratoxin A in
plasma and tissues was determined by LC-MS/MS method. The
method utilized a protein precipitation extraction, followed by
reverse phase chromatography on a Zorbax Eclipse XDB C18
column (50 � 2.1 mm, 5 mm) at a flow rate of 0.5 mL/min and
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a constant temperature of 30�C. Tissue samples were homoge-
nized in 1x PBS solution (1:3, v:v) using silica beads on a Mini-
BeadBeater (BioSpec Products, Inc.). In a 96-well plate (Analytical
Sales and Services Inc.), 150 mL of 1:1 methanol:acetonitrile
solution containing 500 ng/mL of propranolol as the internal
standardwas added to each50mLunknown sample. The platewas
covered with a sticky aluminum foil cover, vortexed, and centri-
fuged for 5 minutes at approximately 3,000 rpm and 4�C (Beck-
man Instruments Inc.). The resulting supernatant was then trans-
ferred using the Quadra 96 Model 196320 (TomTec) instrument
to a filtered 96-well plate (Pall Corporation AcroPrep Advance 96
Multi-Well filter plate) and centrifuged. The resulting sample was
injected onto the LC-MS/MS system for analysis. Pharmacokinetic
(PK) parameters were calculated using noncompartmental anal-
ysis in WinNonlin v.5.3.

3H-labeled apratoxin A intracellular distribution and
immunoprecipitation study

A similar strategy to identify compound intracellular distribu-
tion has been published previously (21). QiagenQproteome Cell
Compartment kit (Qiagen)was used for subcellular fractionation,
and the detailed protocol is described in the vendor's handbook.
In brief, 5 � 106 HeLa cells were treated with [3H]apratoxin A at
37�C for 1 hour, followed by sequential extraction of subcellular
compartment proteinswith different extraction buffers: CE1 (lysis
buffer), for cytosol proteins, CE2 buffer for membrane proteins,
CE3 buffer for nuclear proteins, and CE4 buffer for cytoskeletal
proteins. For the cold (unlabeled) apratoxin A and C.18-epi-
apratoxin A competition experiment, a 50� concentration of cold
compound was preincubated with cells at 37�C for 1 hour before
adding [3H]apratoxin A. The amount of [3H]apratoxin A in each
fraction was quantified using a Beckman LS 6500 Multi-purpose
scintillation counter (Beckman Coulter). For immunoprecipita-
tion experiments, the CE2 lysates from [3H]apratoxin A–treated
HeLa cell were prepared first as described above. Various anti-
bodieswere then added to the lysate to reactwith target proteins in
the lysate at 4�C for 1 hour. Antigen–antibody complexes were
subsequently captured by Protein A/G PLUS-Agarose (Santa Cruz
Biotechnology Inc.). The agarose beads were washed three times
with CE2 buffer, and the bound protein-[3H]apratoxin A complex
was eluted with SDS lysis buffer. Radioactivity in the eluate was
quantified as described above.

SEAP secretion assay
The SEAP reporter gene system was prepared by establishing a

pSELECT-zeo-SEAP stable transfected cell line (Invivo Gen) with
rat pancreatic exocrine cell line AR42J as the host cell line. The
stably transfected AR42J cell line was constructed as instructed in
the vendor's manual, and cells were maintained in DMEM/F12
medium (Corning Cellgro) with 10% heat-inactivated FBS
(Tissue Culture Biologics) and penicillin–strep–L-glutamine
(Corning Cellgro). Fifty thousand cells per 100 mL media were
plated on black-sided/clear bottom 96-well tissue culture plates
(Corning; Cat # 3904). Fivehours later, compoundswere added at
doses ranging from 0.0005 to 10 mmol/L. After an overnight
incubation (20 hours), SEAP activity was analyzed from cell
culture supernatant, and the cells were subjected to the viability
assay. For the SEAP activity assay, 20 mL of supernatant was added
to 180 mL of Quanti-Blue (InvivoGen) in white-sided/clear bot-
tom 96-well tissue culture plates (Corning). Following a 1-hour
incubation at 37�C, absorbance was read at 650 nm with a

Versamaxmicroplate reader (Molecular Devices). For the viability
index assay, CellTiter-Glo reagent (Promega) was added to all
wells. Luminescence was measured using an Envision microplate
reader (Perkin Elmer).

Results
Apratoxin A exhibited in vitro and in vivo anticancer activitywith
a narrow therapeutic window

Apratoxin A was tested for growth inhibitory activity against
panels of human breast, ovarian endometrial, and pancreatic
cancer cell lines. Low nanomolar IC50 values were obtained in
virtually every instance (Supplementary Fig. S3). This potency is in
linewith previous studies employing other types of human cancer
cell lines (3). In vivo potency of apratoxin A was evaluated in two
human cancer xenograft models (BxPC3 T1 pancreatic cancer
model and A549 lung cancermodel). Dose-dependent anticancer
activities were observed for both models (Fig. 1A and C). For
BxPC3 T1 model, both 1 mg/kg and 0.75 mg/kg were found to
exceed the MTD with a treated versus vehicle control effect on
tumor size (T/C ratio) of 53% and 41%, respectively. However, at
a lower dose (0.5 mg/kg), activity was drastically reduced, with a
T/C ratio of only 82% (Supplementary Table S1). Both 1 mg/kg
and 0.75mg/kg apratoxin A induced severe bodyweight loss right
after first dose (Fig. 1B), and several animals were euthanized for
low bodyweight (Supplementary Table S1). In addition, in the
A549 model, 0.6 mg/kg, 0.5 mg/kg, and 0.4 mg/kg showed T/C
ratios of 30%, 24%, and 41%, respectively (Supplementary Table
S1).No significant bodyweight losswas observed at these doses of
apratoxin A treatment (Fig. 1D).

Apratoxin A induces pancreatic atrophy in mice
The in vivo efficacy studies showed potent anticancer activity of

apratoxin A, but with a very narrow therapeutic window. Severe
body weight loss was observed for the animals that were dosed
with 0.75 to1mg/kgof apratoxinA (Fig. 1B).However, at thedose
of 0.6 mg/kg, no body weight loss was observed (Fig. 1D). To
better characterize the effects of apratoxin A on animals, a toxicity
study was conducted. Female Balb/c mice were dosed with 0.75
mg/kg of apratoxin A intravenously on a Q7Dx2 schedule. Nec-
ropsy and histopathologic analysis were performed 2 days after
the last dose. Gross necropsy findings included a very small
pancreas and changes in the consistency of the small and large
intestinal contents; these were a pale yellow color and had a pasty
consistency, and there was a lack of fecal pellets. From a histo-
pathology evaluation, severe degeneration/single-cell apoptosis
of pancreatic tissues was observed, leading to a marked cellular
and lobular atrophy and loss of exocrine acini (Fig. 2B and D). In
addition, single-cell apoptosis was also observed in the islet cells,
though to a less severe extent. The submandibular salivary gland
was also affected; decreases in cytoplasmic granules and cell size of
serous acinar cells were observed (Fig. 2F). However, unlike the
pancreas, no apoptosis or significant atrophy was observed in the
salivary gland. Other major organs and glands were also exam-
ined, including liver, kidney, heart, lung, spleen, brain, bone,
bone marrow, esophagus, stomach, small and large intestine,
eyes, adrenal, pituitary gland, thyroid, and diaphragm (skeletal
muscle), and harderian glands. No detectable changes were
observed between vehicle-treated and apratoxin A–treated ani-
mals. These findings suggest that apratoxin A is a very unique and
specific pancreas-targeting agent. Loss of normal pancreas
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function may be the direct cause of the severe body weight loss
observed in the in vivo efficacy study.

Apratoxin A accumulates in mouse pancreas after systemic
administration

To further dissect the mechanism of unique pancreas toxicity
induced by apratoxin A, a tissue distribution studywas conducted
to determine PK properties of apratoxin A in plasma and various
tissues. In this study, athymic (NCr nu/nu) mice with subcuta-
neously implanted A549 tumor cells were used to investigate the
drug exposure in the tumor compared with tissues. After a single
intravenous administration of apratoxin A (1 mg/kg), animals
were euthanized at various time points for tissue harvest. Con-
centrations of apratoxin Awere determined bymass spectrometry
in collected tissues. PK characteristics of apratoxin A in plasma
and tissues are summarized in Table 1. Apratoxin A plasma PK
showed a high volume of distribution (Vss ¼ 19.31 L/kg) and
moderate half-life (11.57 hours). High drug exposure was iden-
tified in all tested tissues, whereas pancreas and salivary gland
showed the highest exposure (Table 1). Tissue penetration index
(TPI) was calculated to rank apratoxin A distribution in various
tissues (Table 1). The pancreas was found to have the highest
TPI, 552.32, followedby salivary glandwith TPI 263.89. Although
there was no detectable cell death observed in liver (TPI¼ 47.75)
or lung (TPI ¼ 18.73), substantial amounts of apratoxin A
were observed in both tissues. Apratoxin A concentrations in all

tested tissues at different time points are shown in Supplementary
Fig. S4.

Sec61 is an apratoxin A–binding protein
Apratoxin A has been shown to associate with Hsp70/Hsc70 to

promote the degradation of Hsp90 client proteins (8). In addi-
tion, apratoxin A is reported to exhibit inhibitory activity on the
process of cotranslational translocation, and Sec61a has been
suggested to be a potential target for apratoxin A (9). However,
this hypothesis has not been validated in the previous report. To
determine apratoxin A–binding partners, 3H-labeled apratoxin A
was prepared (Fig. 3A) andused as a probe to follow the apratoxin
A–binding complex. After the treatment of 3H-labeled apratoxin
A, HeLa cells were lysed, and the lysate was fractionated as
described in Materials and Methods. An inactive apratoxin A
analogue (C.18-epi-apratoxin A; Fig. 3A) was prepared and used
as a negative control. We found that the radioactivity was asso-
ciated with the membrane fraction (CE2; Fig. 3B) and that the
radioactivity increased when more 3H-labeled apratoxin A was
added. To test whether this binding is specific, a parallel exper-
iment with 50-fold excess of unlabeled apratoxin A pretreatment
was also conducted; no radioactivity was detected (Fig. 3B). By
contrast, unlabeled inactive C.18-epi-apratoxin A failed to block
3H apratoxin A binding in the CE2 fraction (Fig. 3B). In order to
further identify the binding protein, an antibody-based pulldown
experiment was conducted with several antibodies, including

Figure 1.
In vivo activity of apratoxin A.
Apratoxin A in vivo activity was
evaluated in BxPC-3 T1 human
pancreatic cancer xenograft tumor-
bearing mice (A and B) and A549
human lung cancer xenograft
tumor-bearing mice (C and D). Tumor
volume plots for these two studies are
shown in A and C, and study animal
relative body weight plots are
shown in B and D. Apratoxin A was
dosed intravenously every 7 days for
2 total doses in the BxPC-3 T1 study,
whereas 3 doses of apratoxin A were
administrated in the A549 study.
Arrows in the graph indicate the day of
dosing. In the BxPC-3 T1 study,
gemcitabine was dosed at the same
schedule as apratoxinA.Data represent
the mean values � SEM (n ¼ 10 for
BxPC-3 T1 study and n ¼ 8 for A549
study). One-way ANOVA with Tukey
multiple comparisons test was
conducted for both studies. ns, not
significant (P > 0.05). � , 0.01 < P < 0.05;
�� , 0.001 < P < 0.01. For BxPC-3 T1
study, mice body weight on day 6
(after tumor cell implantation) was
used as the reference weight to
calculate relative body weight. As for
A549 study, day 9 (after tumor cell
implantation) was used as the
reference weight.
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Hsp90, Hsp70/Hsc70, grp78/Bip (a 78 kDa glucose-regulated
protein), Hsp40, Sec61a, Sec61b, and PTTG1 (pituitary tumor-
transforming gene 1). The choice of HSP antibodies was based
on the previous report where apratoxin A was found to bind
Hsp70 (8), whereas the choice of the Sec61a and Sec61b
antibodies is based on the hypothesis advanced in the litera-
ture (9). The PTTG1 antibody was included as a negative
control. It was found that labeled apratoxin A could be spe-
cifically pulled down by either anti-Sec61a or anti-Sec61b

antibodies (Fig. 3C), but not by any of the other antibodies.
This result suggested that apratoxin A can bind the Sec61
complex specifically. HUN-7293 is a known Sec61 inhibitor,
and its structure is shown in Fig. 3A. By the use of a novel
photoaffinity labeling technology, Sec61a has been demon-
strated as the target for HUN-7293 (22). To determine whether
apratoxin A and HUN-7293 have the same binding pocket, a
competition experiment was conducted, and the results dem-
onstrated that HUN-7293 cannot compete out the binding of

Figure 2.
Pancreas atrophy of apratoxin
A–treated animals. Hematoxylin and
eosin–stained slide image of tissue
samples collected from vehicle (A, C,
and E) or apratoxin A Q7Dx2-treated
animals (B, D, and F). Lowmagnification
of vehicle-treated pancreas (A); low
magnification of apratoxin A–treated
pancreas (B); high magnification of
vehicle-treated pancreas (C); high
magnification of apratoxin A–treated
pancreas (D); high magnification of
vehicle-treated salivary gland (E); high
magnification of apratoxin A–treated
salivary gland (F). Islet cells in A, C, and
D are identified with blue arrows,
whereas the atrophied acinar cells are
indicated by green arrow in B and D.
Apratoxin A treatment dose and
schedule are described in Materials and
Methods.

Table 1. Tissue distribution PK variables after single i.v. dose of 1 mg/kg apratoxin A

Tissue
Dose
(mg/kg)

Cmax

(ng/mL)
T max

(h)
Half-life
(h)

AUC(0–48)

(ng�h/mL)
AUC(0–inf)

(ng�h/mL)
CL
(L/h/kg)

VSS

(L/kg) TPIa

Plasma 1 NAb NAb 11.57 181.72 183.89 5.44 19.31 NA
Liver 1 1,689.07 0.17 25.15 8,677.34 11,317.56 NAb NAb 47.75
Lung 1 654.61 0.17 17.30 3,404.05 3,958.06 NAb NAb 18.73
Pancreas 1 3,883.43 3 27.6 100,368.04 147,806.21 NAb NAb 552.32
Salivary gland 1 2,804.44 0.17 23.63 47,954.92 67,289.36 NAb NAb 263.89
Tumor 1 147.71 1 NRc 3,709.53 NRc NAb NAb 20.41
aTPI was calculated by the following formula: AUC(0–48)(tissue)/AUC(0–48)(plasma).
bNA, not applicable.
cNR, not reportable due to insufficient data. Apratoxin A tumor distribution half-life was not able to be calculated due to long drug half-life and no drug concentration
reduction at the last time point (48 hours).
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3H apratoxin A (Supplementary Fig. S5). This result suggests
that apratoxin A and HUN-7293 have different binding sites on
the Sec61 complex.

Apratoxin A demonstrated a similar profile as the Sec61
inhibitor HUN-7293 in a 12-cell line panel analysis

To quickly compare potential mechanistic similarities
between apratoxin A and known growth inhibitory compounds,
a 12-cell line panel analysis similar to the NCI COMPARE
analysis (23) was conducted. Several reference compounds that
represent different mechanisms were used in the study, includ-
ing HUN-7293 (Sec61 inhibitor), doxorubicin (DNA intercala-
tor), methotrexate (anti-folate agent), paclitaxel (anti-tubulin
agent), and trapoxin A (histone deacetylase inhibitor). The
Sec61 inhibitor HUN-7293 exhibited the most similar profile
to apratoxin A among all the tested reference compounds, with a
correlation coefficient of 0.89 (Table 2). This finding suggests
that apratoxin A and HUN-7293 target the same pathway.

Apratoxin A showed potent inhibitory activity in the SEAP
secretion assay

The main biologic activity of the Sec61 complex is to serve as a
gate-keeper for protein transport into endoplasmic reticulum
(ER) for posttranslational modification. Inhibition of the Sec61
complex will block transport of nascent peptides into the ER,
resulting inproteindegradation. Todetermine thepotential Sec61
inhibitory activity of apratoxinA, an assaywas developed employ-
ing cells transfected with a SEAP reporter construct (human

placental alkaline phosphatase with deletion of GPI anchor). A
rat pancreatic exocrine cell line, AR42J, was stably transfectedwith
the pSELECT-zeo-SEAP reporter construct and named AR42J-
SEAP. Without any treatment, this cell line is able to steadily
express and secrete this modified alkaline phosphatase (SEAP)
into the culture medium. Sec61a and Sec61b are expressed in
AR42J-SEAP cells (Supplementary Fig. S6). The amount of SEAP
can be quantitated by measuring alkaline phosphatase activity.
Apratoxin A demonstrated potent inhibitory activity blocking the
secretion of SEAP with an IC50 of 18.6 nmol/L, whereas the
negative control C.18-epi-apratoxin A showed no activity
(Table 3). Two secretory pathway inhibitors were used as positive
controls; brefeldin A inhibits transport of protein from ER to the
Golgi apparatus indirectly by preventing formation of COPII-
mediated transport vesicles, whereas tunicamycin inhibits
GlcNAc phosphotransferase to block the first step of protein
glycosylation. Both positive control compounds showed moder-
ate inhibitory activity in the SEAP assay (Table 3). To determine
whether the degree of SEAP reduction observed by test com-
pounds was simply due to cytotoxic effects on the reporter cells,
the same well of cells used for the SEAP secretion assay was also
subjected to a viability assay. The cell viability results are pre-
sented as the viability index in Table 3. Amoderate cytotoxic effect
was indeed observed after 20-hour treatment with 10 mmol/L
brefeldin. However, tunicamycin, apratoxin A, and C.18-epi-
apratoxin A showed no cytotoxic effects after 20-hour treatment
at the same concentration. This result suggests that the SEAP
inhibitory activity of apratoxin A is not due to reporter cell death

Figure 3.
Apratoxin A binds Sec61 specifically in HeLa cells. A, chemical structures of apratoxin A, C.18-epi-apratoxin A, [3H]apratoxin A, and HUN-7293. B, subcellular
distribution of [3H]apratoxin A. HeLa cells were treated with various compounds as described in Materials and Methods. Subsequently, cell lysates were separated
into four different fractions, including CE1 with cytosol proteins, CE2 with membrane proteins, CE3 with nuclear proteins, and CE4 with cytoskeleton proteins.
Distribution of [3H]apratoxin A was traced by the radioactivity detected in each fraction. Amount of [3H]apratoxin A added is shown in the figure. -, no cold
(unlabeled) apratoxin A pretreatment; Apra, a 50-fold excess amount of cold apratoxin A was used to pretreat the cells before adding [3H]apratoxin A. E-Apra,
cold inactive C.18-epi-apratoxin A was used for pretreatment. C, antibody pulldown experiment. Antibodies used for each immunoprecipitation reaction are
illustrated at the bottom of the graph. Hsp90, heat shock protein 90; Hsp70/Hsc70, heat shock protein 70/heat shock cognate protein 70; grp78/Bip, glucose-
regulated protein of 78 kDa; Hsp40, heat shock protein 40; Sec61a; Sec61b; and PTTG1, pituitary tumor transforming gene 1.
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but rather to inhibition of SEAP secretion. It is noted that more
than 24-hour apratoxin A treatment does show potent cytotoxic
effect to AR42J-SEAP cells (data not shown).

Discussion
Apratoxin A was first described in 2001 (3). Its potent anti-

proliferative activity makes it a potential candidate for anticancer
drug development. However, it is also noted that little or no in vivo
activity was observed in the tumor models tested (3, 10). Severe
body weight loss was the main toxicity observed by Luesch and
colleagues. Our investigation confirmed and extended the previ-
ous findings allowing us to identify a very unique toxicity profile
for apratoxin A. The organs commonly affected by anticancer
drugs, such as bone marrow, liver, gastrointestinal tract, and
kidney, showed no apparent toxicity, whereas a much less fre-
quently targeted organ, the pancreas, appears to be themain target
organ by apratoxin A treatment. Severe pancreas atrophy was
observed both grossly and microscopically. Further tissue distri-
bution studies suggest that this specific organ toxicity is at least in
part due to the high exposure to apratoxin A that is observed in the
pancreas of treated animals. It is also noted that the half-life of
apratoxin A in tumorsmay be even longer (Table 1). Thismight be
the reason for the good efficacy observed in the A549 xenograft
model. In addition, in the tissue distribution study, liver displayed
a TPI of 47.75, which is significantly higher than the TPI of
subcutaneously implanted A549 tumor cells (TPI ¼ 20.41). Still,
no toxicity was observed in the liver, despite a TPI of 20.41 which
is expected to have tumor killing activity according to the results
shown in Fig. 1C. This suggests that apratoxin A exhibits certain
selective activity against A549 cancer cells versus normal liver
cells. By an immunoprecipitation-based strategy with 3H-labeled
apratoxin A, we discovered that the Sec61 complex appears to be
the binding partner for apratoxin A. Based on this finding, we
reasoned that the high tissue distribution of apratoxin A in the
pancreas and salivary gland may be due to the high expression
levels of Sec61a and Sec61b in these organs (24). Expression of
Sec61a and Sec61b in A549 and BxPC3 T1 cancer cells was
confirmed by Western blot analysis (Supplementary Fig. S6).
Finally, an intriguing observation is that severe toxicity was
observedonly in thepancreas, not in the salivary gland, suggesting

that either a pancreas-specific pathway or a substantially higher
activity of protein secretion in the pancreas compared with the
salivary gland may contribute to the specific pancreas atrophy.

Sec61 is the protein translocation channel localized in the ER
membrane. It is formed as a heterotrimeric complex with Sec61
alpha, Sec61 beta, and Sec61 gamma subunits (25). The main
biologic role of Sec61 is to serve as a gate-keeper to import newly
synthesized peptides into the ER from the cytosol cotranslation-
ally and posttranslationally. This allows for proper posttransla-
tional modifications, such as glycosylation, to occur in the ER
lumen (26). The Sec61 complex is also responsible for export of
mis-folded proteins from the ER lumen to the cytosol for further
degradation (27). It has been demonstrated previously that
apratoxin A can block cotranslational translocation (9). Down-
regulation of several membrane-associated receptors, such as
gp130, c-MET, HER-2, PDGFR-b, and IGF1R-b, was also
reported following apratoxin A exposure. It has been shown
that the nonglycosylated proteins are proteasomally degraded
(9). Taken together with the data presented here, these findings
lead us to conclude that apratoxin A blocks cotranslational
translocation by inhibiting Sec61 complex activity, subsequent-
ly inducing degradation of unfolded target proteins through a
proteasome-mediated pathway.

Several Sec61 inhibitors have been reported in the literature,
including HUN-7293, CAM741 (28), cotransin (29, 30), and
decatransin (31). All these Sec61 inhibitors were isolated from
fungi, whereas apratoxin A is the first Sec61 inhibitor isolated
from a marine cyanobacterium. Apratoxin A and other known
Sec61 inhibitors all belong to the same family of cyclic peptide-
containing compounds, named cyclodepsipeptides (32). An
intriguing characteristic of Sec61 inhibitors is their substrate
specificity. It has been suggested that this specificity is determined
by the sequence of the signal peptide of substrate proteins (33) as
well as the inhibitor chemical structure (34).Modulation of either
parameter can change substrate specificity as well as sensitivity to
the inhibitor (30). This unique characteristic also has been dem-
onstrated by thefinding of apratoxin A analogueswith differential
activity against the secretion of vascular endothelial growth factor
A (VEGF-A) and level of cMET (11). Hence, developing an
apratoxin A analogue with a desirable drug profile likely is a
feasible approach for drug development. One plausible theory for
pancreas-specific toxicity is that apratoxin A may bind to Sec61
complex and inhibit the cotranslational translocation of one or
more target proteins which are essential for the survival of pan-
creatic cells. Due to the fact that we did not see toxicity in the
salivary gland or other major organs, this unknown target protein
is likely only requiredby thepancreas. Although theminimal dose
which is required to induce pancreas toxicity and tumor killing
activity is similar (around 0.75 mg/kg in A549 xenograft model),
very different apratoxin A exposures were observed in pancreas

Table 3. Apratoxin A activity in SEAP secretion assay

SEAP IC50 (nmol/L; SD) Viability indexa (SD)

Brefeldin A 39.8 (6.4) 0.79 (0.06)
Tunicamycin 99.4 (12.2) 1.06 (0.04)
Apratoxin A 18.6 (13.2) 1.11 (0.04)
C.18-epi-apratoxin A >10,000 1.00 (0.02)
aViability index is the ratio of luminescent signal from cells treated with 10 mmol/L
compound for 20 hours versus cells treated with 100% DMSO for 20 hours.

Table 2. Apratoxin A showed strong correlation with Sec61 inhibitor HUN7293 in the 12-cell line panel GI50 correlation analysis

Apratoxin A HUN-7293 Doxorubicin Methotrexate Paclitaxel Trapoxin A

Apratoxin A — 0.89a 0.36 0.06 0.41 0.49
HUN-7293 — 0.42 �0.08 0.41 0.46
Doxorubicin — 0.26 0.52 0.73
Methotrexate — 0.16 0.34
Paclitaxel — 0.47
Trapoxin A —
aCorrelation coefficient R between any two compounds was calculated with the GI50 obtained from a 12-cell line panel using MS Excel 2013. Data presented here
represent the average of two independent experiments.
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versus tumor. As shown in Table 1, apratoxin A exposure in the
pancreas is approximately 27-fold higher than the tumor (Table
1). Hence, due to these considerable differences in exposure, it is
unlikely that this unknown pancreas-specific target protein is also
responsible for apratoxin A cancer cell killing activity. Therefore,
modulation of apratoxin A's structure to alter its substrate spec-
ificity may be a feasible approach for further development of this
agent. In addition, investigating the tissue distribution profiles
and therapeutic indexes for other Sec61 inhibitors, such as HUN-
7293, CAM741, cotransin, and decatransin, to establish the
structure and activity relationship may also help to design new
apratoxin A analogues with a desirable drug profile.

Targeting the secretory pathway recently has been suggested as a
promising concept for anticancer therapy (35–37) due to the
dependence and addiction of cancer cells to the secretory path-
way. Hence, as a Sec61/secretory pathway inhibitor, apratoxin A
shows a considerable promise as a candidate for further anticancer
drug development. Moreover, Sec61 inhibitors are the only class
of secretory pathway inhibitors with substrate specificity. This
unique property gives apratoxin A an extra layer of advantage over
other types of secretory pathway inhibitors. In addition, apratoxin
A seemed to haveminimal toxicity on the organs most frequently
targeted by current therapeutic regimens, so it may also be a safe
combination partner with current standard chemotherapeutic
agents. Recently, the potential use of a substrate-specific Sec61
inhibitor CT8 to target HER3 was reported (38). This finding
further strengthens the potential of Sec61 inhibitors as drug
candidates for cancer. For apratoxin A, finding ways to overcome
its liability of pancreas toxicity will be the key to further
investigation.
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