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KEY WORDS Abstract  Pancreatic adenocarcinoma (PAAD) is one of the most lethal malignancies. Although gem-
citabine (GEM) is a standard treatment for PAAD, resistance limits its application and therapy. Secoe-
mestrin C (Sec C) is a natural compound from the endophytic fungus Emericella, and its anticancer
activity has not been investigated since it was isolated. Our research is the first to indicate that Sec C
is a broad-spectrum anticancer agent and could exhibit potently similar anticancer activity both in

Pancreatic cancer;
Secoemestrin C;

YAP degradation;
ER stress inducer;

Resistance; GEM-resistant and GEM-sensitive PAAD cells. Interestingly, Sec C exerted a rapid growth-inhibiting ef-
Fast shrinkage; fect (80% death at 6 h), which might be beneficial for patients who need rapid tumor shrinkage before
YAP destruction complex; surgery. Liquid chromatography/mass spectrometry and N-acetyl-L-cysteine (NAC) reverse assays show
Lipid droplet formation that Sec C sulfates cysteines to disrupt disulfide-bonds formation in endoplasmic reticulum (ER) proteins

to cause protein misfolding, leading to ER stress and disorder of lipid biosynthesis. Microarray data and
subsequent assays show that ER stress-mediated ER-associated degradation (ERAD) ubiquitinates and
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downregulates YAP to enhance ER stress via destruction complex (YAP—Axin—GSK—gBTrCP), which
also elucidates a unique degrading style for YAP. Potent anticancer activity in GEM-resistant cells and
low toxicity make Sec C a promising anti-PAAD candidate.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pancreatic cancer is one of the most refractory and aggressive
digestive system cancers and has a low resection rate. Pancreatic
ductal adenocarcinoma is the most common type of pancreatic
cancer'. Despite advances in diagnosis and treatment, survival
rates of pancreatic adenocarcinoma (PAAD) have not changed
significantly in the past two decades; the 5-year survival rate re-
mains lower than 5%'. Surgical resection is the primary treat-
ment for this cancer. However, due to a lack of significant
symptoms and effective tumor biomarkers, relatively few diag-
nosed patients can undergo initial resection before progression of
the disease to the advanced stage’. Therefore, drug treatment has
become a vital modality for patients with advanced unresectable
metastatic cancer. Gemcitabine is the standard first-line drug for
pancreatic cancer treatment. Although GEM is effective in some
pancreatic cancer patients’, many patients exhibit primary or
secondary resistance to it, which limits pancreatic cancer treat-
ment. As reported in the literature® ’, many cell lines such as MIA
PaCa2, PANC-1, SU86.86 and SW 1990 are gemcitabine (GEM)-
resistant (GEM-R); the ICsy of GEM in these cells is much higher
than the ICsy in GEM-sensitive (GEM-S) cells such as AsPC-1
and BxPC-3 cells. For GEM-R pancreatic cancers, the use of
second-line therapies such as combined administration of several
chemotherapy drugs, has not obviously improved the survival
rate®. Furthermore, the relatively high toxicity of second-line
anticancer drugs that are commonly used for other clinical
tumor applications tends to increase the pain of the patients; thus,
it is necessary to investigate novel and low-toxicity antipancreatic
cancer drugs for GEM-R patients.

At present, many anticancer drugs are targeted drugs. The
targets are usually specific proteins or molecules; relatively few
drugs target organelles or other cellular components, except for
DNA-targeting agents. However, many organelles such as the
membranous endoplasmic reticulum (ER) are necessary for cell
survival, especially in tumor cells. The ER is the primary sub-
cellular organelle responsible for the synthesis, transport, and
posttranslational modification of proteins and for the biosynthesis
of lipids and sterols in eukaryotic cells’ ''. Loss of ER homeo-
stasis perturbs the biosynthesis of proteins and lipids that are
necessary for cell survival. The ER is particularly important in
pancreatic tissue because the pancreas is a digestive organ, and
most digestion-promoting proteins/enzymes are produced by the
pancreatic ER; thus, compared with ER in other cell types, the ER
in pancreatic cells is particularly well developed, especially the
rough ER'*',

In tumors, abnormal proliferation requires elevated protein
synthesis and increased levels of nutrients; correspondingly,
hypoxia and nutrient deprivation are induced''''>'®. These
changes trigger the unfolded protein response (UPR), which helps
cells adapt to stress to restore ER homeostasis. However, if cells

are unable to overcome ER damage, cell death mediated by ER
stress responses may become dominant and lead to tumor cell
apoptosis'"*'7. In the ER, cysteine residues are abundant, espe-
cially in cancer, and targeting and sulfurizing ER cysteine could
disrupt thiol proteostasis to block the normal disulfide bond of ER
proteins to inhibit cancer growth'®. Therefore, therapeutic strate-
gies aimed at targeting ER cysteine residues and inducing the ER
stress response could be beneficial for anticancer treatments. By
increasing ER-stress and manipulating ER homeostasis to promote
the proapoptotic pathway, drug investigation has been performed.
In particular, some studies have found that secretory cancer cells
are more sensitive to ER stress than normal cells, suggesting that
targeting ER in pancreatic cancer cells might be a beneficial
strategy for pancreatic cancer treatment' "'’

Natural antitumor compounds such as paclitaxel and doxoru-
bicin have been found to play dominant roles in the treatment of
human tumors. Compared with natural products from plants and
marine organisms'’, natural products from endophytic fungi are
more plentiful and have shorter regeneration cycles. In addition,
industrial fermentation of endophytic fungi can be conducted on a
large scale at a low cost and is pollution-free. In recent years,
many endophytic fungal products have been isolated and applied
widely for tumor treatment. For instance, Taxol was originally
isolated from the secondary metabolites of endophytic fungi, and
vinblastine analogs have been isolated from the secondary me-
tabolites of periwinkle endophytic fungi. Our research team has
been exploring natural compounds derived from endophytic fungi
and obtained a library of natural product extracts through micro-
bial fermentation. After screening the antitumor activity of these
extracts, we obtained an anticancer compound (Fig. 1A, purity
98%, from rice fermentation of Emericella sp.) with potent ac-
tivity against several tumor cell lines derived from different tis-
sues, and the ICsy is displayed in Supporting Information
Fig. S1A.

Upon searching the literature, we found only a few papers
mentioning this compound, called secoemestrin C (Sec C), which
was first isolated in 1997. To date, only limited data have reported
its kinase-associated activity, but the anticancer activity of Sec C
has not been reported”’. By analyzing the ICs, of Sec C on various
tumor cells, we found either in GEM-S pancreatic cancer cells or
in GEM-R pancreatic cancer cells, Sec C all exhibited potent and
similar anticancer activity. As mentioned above, compared with
tumors derived from other tissues, drug treatment is more vital for
pancreatic cancer due to untimely resection, and primary or sec-
ondary resistance to GEM limits pancreatic cancer treatment.
Thus, we first focused on the anticancer effect of Sec C on
pancreatic cancer.

In this study, we obtained the first evidence that the natural
fungal compound Sec C can exhibit potent anticancer effects in
various tumor cell lines. We found that Sec C also exerts similar
excellent inhibitory effects in GEM-R pancreatic cancer cells,
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Figure 1  Sec C exhibits potent antipancreatic cancer activity that is similar in GEM-S and GEM-R pancreatic cancer cells. (A) Chemical
structure of Sec C. (B) The cell morphology of BXPC-3 and MIA PaCa2 cells was observed after treatment with 3 pmol/L Sec C for the indicated
time points. Scale bar, 12.5 um. (C) Different pancreatic cancer cells were treated with the indicated concentrations of Sec C or GEM for 48 h, and
cell survival was detected with MTT assay. A dose-dependent curve was plotted using SigmaPlot software. (D) ICs, of Sec C and gemcitabine in
different pancreatic cancer cell lines. (E) Vitality of AsPC-1, MIA PaCa2 and PANC-1 cells was determined by MTT assay after treatment with
3 umol/L Sec C for the indicated time points. A time-dependent curve was plotted. (F) BxPC-3 and MIA PaCa2 cells were seeded in 6-well plates
at 2000 cells. After 24 h, various concentrations of Sec C were added and continued to incubate for 7 days. Then visible colonies were counted as
described in section of Materials and methods. Colony formation rate (%)= (numbers of colonies/numbers of seeded cells) x 100. Scale bar,
3 mm. (G) MIA PaCa2 cells were treated with different concentrations of Sec C for 24 h, and cell proliferation was detected with EdU assay. Scale
bar, 40 um. The data are shown as mean = SEM (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001 vs. O umol/L group.

indicating that Sec C could overcome GEM resistance. In addi- induce dysregulation of disulfide bond formation in ER proteins,
tion, Sec C killed cancer cells rapidly (in 6 h treatment, 80% of leading to ER stress and apoptosis. In addition, YAP degradation
cells died). A mechanistic study showed that Sec C could form a plays an essential role in the aggravation of ER damage by ER
disulfide bond with ER proteins to disturb thiol proteostasis to stress-mediated ubiquitylation and proteasomal degradation,
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further revealing a unique role of YAP that differs from the pre-
viously reported roles of YAP in ER stress.

2. Materials and methods

2.1.  Reagents

GEM was purchased from the Cancer Hospital of the Chinese
Academy of Medical Sciences (Beijing, China). Anti-PARP, anti-
cleaved PARP, anti-caspase 3, anti-cleaved caspase 3, anti-
GAPDH, anti-cytochrome ¢, anti-COX IV, anti-BCL2, anti-
PUMA, anti-BIP, anti-BAX, anti-YAP, anti-ubiquitin, anti-G-TrCP,
anti-AXIN1, and anti-GSK33 antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). Anti-EIF2«,
anti-phospho-EIF2« (Ser51), anti-ATF4, anti-IREl«, anti-phos-
pho-IREl«, anti-XBP1, anti-ATF6, anti-phospho-JNK, anti-JNK
antibodies and an Annexin V-FITC apoptosis detection kit were
purchased from Beyotime (Jiangsu, China). Peroxidase-
conjugated goat antimouse and goat antirabbit secondary anti-
bodies were purchased from ZSGQ-BIO Company (Beijing,
China). A Cell-Light 5-ethynyl-2’-deoxyuridine (EdU) kit was
purchased from RiboBio Company (Guangzhou, China). A
mitochondrial staining kit and a kit for 1,3,5,7-tetramethyl-8-
phenyl-4,4-difluoroboradiazaindacene (BODIPY) staining of
lipid droplets were purchased from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). MTT, cycloheximide (CHX), MG132 and
bafilomycin (BAF) were purchased from Sigma—Aldrich (St.
Louis, MO, USA). BIP siRNA and YAP siRNA were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). N-
Acetylcysteine (NAC) was purchased from Selleck Chemicals
(Houston, TX, USA). Lipofectamine 2000 reagent was purchased
from Invitrogen (Waltham, MA, USA). Real-time PCR master
mix was purchased from Roche (Indianapolis, IN, USA).

2.2.  Cell culture

AsPC-1, BxPC-3, MIA PaCa2, PANC-1, SW 1990 and SU86.86
human pancreatic cancer cells and Bel7404, AsPC-1, HCT116,
HepG2, H1975, A549, H1299 and SKOV3 cells were obtained
from the Institute of Basic Medical Sciences, Chinese Academy of
Medical Sciences (Beijing, China) or our laboratory and cultured
in DMEM or 1640 supplemented with 10% fetal bovine serum and
1% antibiotics in an incubator at 37 °C with 5% CO,.

2.3.  Plasmids, transient transfection and establishment of a
stable cell line

pCMV3-YAP was purchased from Sino Biological Company
(Beijing, China). YAP mutants (S127A, in which Ser127 of YAP
was not phosphorylated, and S127D, in which Ser127 of YAP was
consecutively phosphorylated) were constructed with a mutation kit
from TransGen Biotech Company (Beijing, China). For trans-
fection, cells (2 x 10° cells/well) were seeded in 6-well plates and
transfected with plasmids the next day using Lipofectamine 2000
according to the manufacturer’s instructions. pLV-ER-GFP was
obtained as a gift from Pantelis Tsoulfas (Addgene plasmid #80069;
http://n2t.net/addgene: 80069; RRID: Addgene_80069). pAcGFP-
C1-Sec618 was obtained as a gift from Eric Schirmer (Addgene
plasmid #62008; http:/n2t.net/addgene: 62008; RRID: Addg-
ene_62008). To generate PANC-1 cells stably expressing ER-GFP
or Sec61-GFP, PANC-1 cells were transfected with pLV-ER-GFP

or pAcGFP-C1-Sec61( plasmids for 24 h, and cells successfully
transfected with the constructs were selected using G418
(2mg/mL). PANC-1-ER and PANC-1-SEC61 polyclonal cells were
maintained in complete DMEM containing G418 (1 mg/mL).

2.4.  Cell growth inhibition assay

MTT was used to analyze cellular viability. A total of
5000—8000 cells per well were cultured in a 96-well plate at 37 °C
with 5% CO,. At the indicated time points following the addition of
Sec C, 25 pL of MTT solution (2 mg/mL) was added to 75 pL of
complete medium, and the cells were incubated for 4 h at 37 °C
with 5% CO,. Subsequently, the cell medium was discarded, and
150 pL. DMSO was added to the wells. The absorbance was read at
490 nm. Growth inhibition (%) was calculated at each concentra-
tion, and the ICs values were calculated by SigmaPlot.

2.5.  Colony formation assay

A cell colony formation assay was performed as described pre-
viously?'. Briefly, BxPC-3 or MIA PaCa2 cells were seeded in a 6-
well plate at 2000 cells per well and treated with different con-
centrations of Sec C for 7 days. Then, the cells were washed with
PBS, fixed with 2% paraformaldehyde for 15 min at room tem-
perature, stained with a 0.1% crystal violet solution for 10 min,
and washed three times with sterile water. Then, images of each
well were obtained, and the individual clone types were identified.

2.6. EAU proliferation assay

MIA PaCa2 cells were treated with 1—4 pmol/L Sec C for 24 h,
following standard protocols with EdU to detect active DNA
synthesis as previously described”'. Images were obtained using a
Leica SP2 confocal microscope (Leica Microsystems, Exton, PA,
USA) and analyzed with Leica confocal software. Five micro-
scope views from each sample were counted and averaged.

2.7.  Detection of apoptotic cells by flow cytometry

BxPC-3 and MIA PaCa2 cells were treated with 0, 2 and 4 pmol/L
Sec C for 24 h, washed three times with PBS and collected for an
Annexin V-FITC/propidium iodide staining assay. The assay was
performed based on the protocol provided with the Cell Apoptosis
Detection Kit. In brief, cells were resuspended in
195 pL of 1 x Annexin V binding buffer, and then 10 pL of
Annexin V-FITC and 5 pL of propidium iodide were added to
cells in turn. The cells were incubated for 20 min in the dark at
room temperature. A BD FACSCalibur flow cytometer (BD Bio-
sciences, San Jose, CA, USA) was used to measure apoptosis.

2.8.  Mitochondrial potential detection

To observe the mitochondrial potential, 5,5',6,6'-tetrachloro-
1,1',3,3/-tetraethylbenzimidazolylcarbocyanine, iodide (JC-1,
Sigma—Aldrich) staining was used. JC-1 (10 mg/mL) was added
to the medium, and BxPC-3 and MIA PaCa2 cells were incubated
for 10 min at 37 °C in the dark to label the mitochondria. JC-1
aggregates showed red fluorescence, and JC-1 monomers showed
green fluorescence. JC-1 monomers and JC-1 aggregates were
detected with a BD FACSCalibur flow cytometer or a Leica SP2
confocal microscope (Leica Microsystems, Exton, PA, USA).
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2.9.  Immunoprecipitation and Western blot analysis

Cells were washed with PBS, and protein was extracted in coim-
munoprecipitation buffer. Total cell lysates were immunoprecipi-
tated with the appropriate antibodies overnight at 4 °C and then
incubated with Protein A/G Plus Agarose (Santa Cruz, CA, USA)
for 2 h at 4 °C. After three washes at 4 °C, the immunocomplexes
were mixed with 2 x SDS loading buffer and boiled for 10 min.
Equal amounts of coprecipitates or lysates were electrophoresed by
SDS-PAGE and transferred to PVDF membranes. The membranes
were blocked with 5% skimmed milk at room temperature for 1 h
and then immunoblotted overnight with primary antibodies. The
membranes were subsequently incubated for 2 h with an appro-
priate secondary antibody. The immunoreactive signals were
revealed using the enhanced chemiluminescence method (Sigma-
—Aldrich) and visualized with a Protein Simple FluorChem HD2
imaging system (ProteinSimple, CA, USA).

2.10.  BODIPY staining for lipid droplets

PANC-1 and AsPC-1 cells were treated with different concentra-
tions of Sec C for 24 h and then washed three times with PBS. The
cells were fixed with 2% paraformaldehyde for 15 min at room
temperature and incubated with BODIPY and Hoechst together for
30 min at room temperature in the dark. The cells were washed
with PBS three times and observed with a Leica SP2 confocal
microscope (Leica Microsystems, Exton, PA, USA).

2.11.  RNA sequencing (RNA-seq)

RNA of Sec C-treated and untreated cells was extracted based on
the procedures of the RNA extraction kit (Invitrogen). Quality
control of the raw reads enabled the downstream analysis to be
based on clean reads with high quality. Sequencing was performed
on a BGISEQ-500RS platform. The raw sequencing data are
available in the Sequence Read Archive database in connection
with BioProject FIOFTSNCWLIJ7274.

The clean reads were mapped to the reference genome using
software HISAT?2 (v2.0.4). Software Bowtie (v2.2.5) was applied
to align the clean reads to the reference coding gene set, and the
gene expression levels were calculated with software RSEM
(v1.2.12). A heatmap was drawn with pheatmap (v1.0.8) accord-
ing to the gene expression in different samples. Differential
expression analysis was performed using the PossionDis function
with thresholds of a false discovery rate (FDR) < 0.001 and a
[log2 Ritio| > 1. To gain insight into changes in phenotype, Gene
Ontology (GO; https://www.geneontology.org) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG; https://www.kegg.jp/)
enrichment analyses of annotated differentially expressed genes
(DEGs) were performed with Phyper based on a hypergeometric
test. The significance levels for terms and pathways were cor-
rected by Q values with a rigorous threshold (Q value < 0.05)
via the Bonferroni method.

2.12.  Real-time PCR

Total RNA was isolated with TRIzol reagent (Invitrogen), while
cDNA was generated using a Transcriptor First Strand cDNA
Synthesis Kit (Roche). The relative expression levels of specific
genes were determined with an ABI 7500 Fast Real-Time PCR
system. The results were analyzed using the comparative AACt

method. The primer sequences used for q-PCR were as follows:
adipocyte lipid-binding protein 2 (AP2) forward, 5'-TACTGGG-
CCAGGAATTTGAC-3; AP2 reverse, 5'-GTGGAAGTGAC-
GCCTTTCAT-3'; fat-inducing transcript 2 (FIT2) forward, 5'-
TCACTCCTTCCTGCTGACCT-3'; FIT2 reverse, 5'-AACCAA-
ACAAGGTGCCAAAC-3'; fat-specific protein 27 (FSP27) for-
ward, 5'-GCCCGTGTAACGTTTGATCT-3'; FSP27 reverse, 5'-
GAGGAGCTGCTGCAGGTAAC-3'; YAP forward, 5'-TTTCTC-
CTGGGACACTGACC-3'; YAP reverse, 5-TCTTTGCCATCT-
CCCAACCT-3'; GAPDH forward, 5'-GCAAATTCCATGGCACC
GT-3'; and GAPDH reverse, 5'-TCGCCCCACTTGATTTTGG-3'.

2.13. ER extraction

MIA PaCa2 cells were treated with 2 umol/L Sec C for 24 h, and
then the ER fraction was extracted following the Endoplasmic
Reticulum Isolation Kit protocol (Sigma—Aldrich). Briefly, cells
were homogenized in ice-cold homogenization buffer. The ho-
mogenates were centrifuged at 1000x g for 10 min, and the lipid
layer was removed. Then, centrifugation at 12,000x g for 15 min
was performed, and the lipid layer was removed. This supernatant
fraction, which is the postmitochondrial fraction, is the source for
microsomes. Then, postmitochondrial fraction was precipitated
with calcium chloride to isolate rough ER-enriched microsomes.
The sample was centrifuged at 8000x g for 10 min, the superna-
tant was removed, and the pellet was collected (enriched rough ER
microsomes). All procedures were performed at 4 °C.

2.14.  Fluorescence labeling of protein thiol groups by
dibromobimane (dBrB) assay

The assay was performed as described in the literature by Seo
et al.'®. Briefly, MIA PaCa2 cells were exposed to the indicated
doses of Sec C for 24 h, cells were collected, and ER was extracted
and sonicated. Then, the samples were immediately reacted with
1.5 mol/L perchloric acid and incubated for 5 min on ice to pre-
cipitate the proteins. Next, the pelleted proteins were solubilized
and neutralized, and the prepared proteins (1 pg) were mixed with
1 umol/L. dibromobimane (Sigma—Aldrich) and incubated for
40 min at 37 °C. Dibromobimane-bound protein-SH groups were
measured, and fluorescence was normalized to the total protein
levels and expressed as the percentage of protein-SH levels.

2.15.  Analysis of Sec C-protein binding sites based on liquid
chromatography tandem mass spectrometry (LC—MS/MS)

MIA PaCa2 cells were treated with Sec C (2 umol/L) for 24 h, the
ER fraction was extracted using an ER isolation kit, and mass
spectrometric analysis of tryptic peptides was performed on a Q
Exactive™ Hybrid Quadrupole-Orbitrap™ Mass Spectrometer
(Thermo Fisher Scientific, USA). Peptides were sequenced by
online microcapillary LC—MS/MS operated in a data-dependent
mode, and tryptic peptides were identified using the Byonic pro-
gram. The capillary column was made from a piece of 150-pm i.d.
fused silica line with an internal frit that was in-house made. The
column was packed with a reversed-phase ReproSil-Pur C18-AQ
resin (3 pm, 120 A, Dr. Maisch GmbH, Germany). The LC
gradient was from 6% to 9% B for 5 min, from 9% to 14% B for
15 min, from 14% to 30% B for 30 min, from 30% to 40% B for
8 min and from 40% to 95% B for 2 min. Solvent A: 0.1% formic
acid and 2% acetonitrile in water; B: 20% 0.1% formic acid in
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acetonitrile. The flow rate was 600 nL/min. Ion intensity data were
obtained from mass spectra generated using LC—MS/MS.

2.16.  Antitumor activity of Sec C in vivo

Female BALB/C nude mice (18 £+ 1 g) were obtained from SPF
Biotechology Co., Ltd. (Beijing, China). The care and treatment of
the experimental animals were conducted in accordance with the
institutional guidelines at the Experimental Animal Center of the
Chinese Academy of Medical Sciences. As described previously,
MIA PaCa2 cells were injected subcutaneously (107 cells/tumor) into
the right axillae of nude mice. Tumor-bearing mice were randomly
divided into 3 groups (n = 5) when the tumor size reached approx-
imately 80 mm®. Sec C (2.5 mg/kg or 5 mg/kg) or GEM (50 mg/kg)
was administered by intraperitoneal injection every two days until the
tumor size in the negative control group was approximately
1000 mm?>. The mice were weighed, and the tumor width (W) and
length (L) were measured with Vernier calipers every two days.
Tumor volume was estimated based on Eq. (1):

V=05XLXWxW (1)

The animals were killed 18 days after administration, and the
tumors were extracted and weighed.

2.17.  Statistical analysis

The results are presented as the mean £ standard error of mean
(SEM). One-way analysis of variance and Student’s r-test were
used to analyze the differences of means, and P < 0.05 was
regarded as the threshold for statistical significance.

3. Results

3.1.  Sec C exhibits potent anti-pancreatic cancer activity in
GEM-R and GEM-S pancreatic cancer cells

Although GEM is widely used in pancreatic cancer treatment, its
success is limited by resistance, which is observed in many pa-
tients with pancreatic cancer. In our anticancer activity screening
of fungal metabolites, we found that compound Sec C exhibited
strong anticancer activity in different tissue-derived cancer cells
(Fig. S1A), although its anticancer activity has not been reported
since it was isolated in 1997. Meanwhile, we observed that Sec C
displayed similarly strong anticancer effects in GEM-R and
GEM-S pancreatic cancer cells. As shown in Fig. 1B and
Fig. S1B, Sec C exhibited potent anticancer effects in GEM-S
pancreatic cancer cells and GEM-R cells. Morphological obser-
vation revealed that both GEM-S and GEM-R cells became round
after treatment for 2 h with 3 pmol/L Sec C (approximately 1.5—2
times the ICs); after 6 h, more than 80% of cells became non-
adherent, lost their regular spindle shapes and became round,
suggesting that the pancreatic cancer cells were nonviable
(Fig. 1B and Fig. S1B). Further survival detection by trypan
staining verified this hypothesis. We also investigated the effects
of GEM on GEM-R/S cells under the same treatment conditions as
those used for Sec C (6 h treatment at a dose of 2 times the ICs of
GEM) and found that GEM did not induce obvious morphological
changes. The MTT assay results also supported this observation,
revealing that 85% of cells remained alive at the end of treatment

(data not shown). These findings suggest that Sec C is an anti-
cancer agent characterized by rapid efficacy.

To evaluate the dose-dependent effects of Sec C, 0, 0.5, 1.0, 2.0,
3.0and 5.0 pmol/L Sec C were added to 2 types of GEM-S pancreatic
cancer cells (BxPC-3 and AsPC-1 cells) and 4 types of GEM-R
pancreatic cancer cells (MIA PaCa2, PANC-1, SW 1990 and
SU86.86 cells) for 48 h, and cell viability was examined. The results
show that for both GEM-S and GEM-R cells, Sec C significantly
inhibited cell growth in a dose-dependent manner (Fig. 1C). For
instance, with regard to AsPC-1, after Sec C treatment for 48 h, cell
survival rate was about 97% of control at 0.5 pmol/L and decreased to
about 75% at 1.5 pmol/L (Fig. 1C). And when the concentration was
up to 3 pumol/L, the survival rate was only 10% of control, indicating
an obvious dose-dependent manner. Correspondingly, we also
observed a similar dose-dependent effect of Sec C in other pancreatic
cancer cell types and obtained the ICsy according to a survival
rate—concentration curve (Fig. 1C).

We also detected the effects of GEM on the abovementioned
GEM-S/GEM-R pancreatic cancer cells and obtained results
similar to the results reported in the literature (Fig. 1C)°~’. Upon
comparing the ICsy between GEM and Sec C, we found that for
GEM-S cells, the ICsy of Sec C was similar to the ICsy of GEM
(approximately 1—2 pmol/L) (Fig. 1C and D). For GEM-R cells,
Sec C still displayed excellent anticancer effects, and the ICsq
values of Sec C in GEM-R cells and GEM-S cells were similar.
However, the GEM ICsy in GEM-R cells was greater than
64 umol/L (Fig. 1C and D), and it was 16-fold higher than the ICs
of Sec C, indicating that Sec C exhibits good inhibitory effects
regardless of GEM resistance and can in fact abrogate resistance.

The time-dependent effect of Sec C was investigated at 3, 6, 9,
12 and 24 h (Fig. 1E). Among AsPC-1 cells, approximately 68%
of cells were viable after 3 h, while 8% and 7.5% of cells were
viable after 12 and 24 h, respectively. Among MIA PaCa2 cells
treated with 3 pmol/L Sec C, the cell viability rates were 72%, 8%
and 3% of the control rates at 3, 14 and 24 h, respectively
(Fig. 1E). Other types of cells also exhibited similar time-
dependent effects (Fig. 1E).

Given that colony formation analysis is the gold standard
method for the analysis of agent cytotoxicity, we utilized colony
formation assays to further assess the inhibitory effects of Sec C.
BxPC-3 cells and MIA PaCa?2 cells were seeded in 6-well plates
and incubated with increasing concentrations of Sec C (0, 0.125,
0.25 and 0.5 pumol/L) for 7 days before colony counting. The
results showed that Sec C inhibited the colony formation of tumor
cells in a dose-dependent manner. At 0.125 pmol/L, the colony
formation rate of treated cells was approximately 60% of the
colony formation rate of control cells. In addition, the colony
formation rate of 0.25 pmol/L Sec C-treated cells was approxi-
mately 25% of the colony formation rate of control cells, while the
rate of 0.5 pmol/L Sec C-treated cells was approximately 0% of
the colony formation rate of control cells. These findings indicated
an obvious dose-dependent inhibitory effect in both GEM-S and
GEM-R pancreatic cancer cells (Fig. 1F).

EdU, which is similar in structure to a component of DNA, is
incorporated into DNA during active DNA synthesis and enables
easy visualization of DNA replication®”. We used an EdU assay to
examine the effect of Sec C on DNA replication and found that the
EdU-positive cell rate decreased with increasing Sec C concen-
trations (Fig. 1G), indicating a strong and dose-dependent effect of
Sec C on DNA replication.
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All these findings indicate that Sec C, a natural metabolite reverses GEM resistance. Additionally, this compound can induce
derived from fungi, has similar strong inhibitory effects on GEM-R rapid tumor cell death, which will be beneficial for patients in ur-
and GEM-S pancreatic cancer cells, suggesting that Sec C potently gent need of tumor shrinkage before further treatment.
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Figure 2  Sec C induces mitochondria-mediated apoptosis in GEM-S and GEM-R pancreatic cancer cells. (A) BxXPC-3 and MIA PaCa?2 cells
were treated with 0, 2 or 4 pumol/L Sec C for 24 h, and cells were stained with propidium iodide and Annexin V-FITC for flow cytometry
detection. The data are shown as mean + SEM (n = 3); ***P < 0.001 vs. 0 pmol/L group. (B) BxPC-3 and MIA PaCa2 cells were treated with
different concentrations of Sec C for 24 h, and apoptosis-associated proteins were detected by immunoblotting. (C) BxPC-3 and MIA PaCa?2 cells
were treated with 3 umol/L Sec C for the indicated time points, and apoptosis-associated proteins were detected by immunoblotting. (D) BxPC-
3 cells were treated with Sec C for 24 h, and cytoplasm and mitochondria were isolated. Cytochrome ¢ was determined by immunoblotting. BxPC-
3 and MIA PaCa?2 cells were treated with Sec C for 24 h, and then cells were stained with JC-1 for flow cytometry detection (E) and fluorescence
microscopy detection (F; scale bar, 50 pm). (G) PUMA protein levels were detected after MIA PaCa2 cells were treated with Sec C for 24 h.
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Sec C induces ER stress and lipid droplet formation in GEM-R and GEM-S cells. (A) After treatment with 3 pmol/L Sec C for 24 h,

MIA PaCa?2 cells were observed with transmission electron microscopy. ER vacuolation (red arrow) and lipid droplets (blue arrow). (B) PANC-
1 cells stably expressing ER-GFP/SEC61-GFP (ER-localized protein) were treated with different concentrations of Sec C for 6 h, and repre-
sentative images were acquired with a confocal microscope. Scale bar, 20 pm. (C) AsPC-1 and PANC-1 cells were incubated with 3 pmol/L Sec C
for the indicated time points, and ER stress-associated proteins were detected by immunoblotting. (D) PANC-1 cells were treated with 3 pmol/L
Sec C for the indicated time points, and proteins were determined by immunoblotting. (E) PANC-1 and AsPC-1 cells were treated with Sec C for
10 h, and lipid droplets were stained by BODIPY following fluorescence detection with a confocal microscope. Scale bar, 20 um. (F) MIA PaCa2
cells were treated with different concentrations of Sec C for 10 h, and mRNA levels of key enzymes of lipid droplet formation were detected by
real-time PCR. (G) MIA PaCa2 cells were transfected with BIP siRNA for 24 h prior to the addition of 3 umol/L Sec C, and proteins at the
indicated time points were detected by immunoblotting. The data are shown as mean + SEM (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001 vs.

0 pmol/L group.

3.2.  Sec C induces mitochondria-mediated apoptosis in GEM-R

and GEM-S pancreatic cancer cells

To further explore the anticancer mechanism of Sec C and to
determine whether the mechanism was similar in GEM-S and

GEM-R cells, we carried out the following assays. We first
examined apoptosis and found that Sec C could induce it, and the
number of apoptotic cells increased with increasing drug con-
centrations for both GEM-S BxPC-3 cells and GEM-R MIA
PaCa2 cells (Fig. 2A). Correspondingly, we detected apoptosis-
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associated proteins (cleaved PARP and cleaved caspase 3) and
found that their expression increased in dose-dependent (Fig. 2B
and Supporting Information Fig. S2A) and time-dependent
(Fig. 2C and Fig. S2B) manners with treatment. All these
apoptosis-related results were observed in GEM-S and GEM-R
cells, indicating that a similar death mechanism was induced by
Sec C in both types of cells.

Then, we examined whether Sec C-induced apoptosis was
mediated by mitochondria. Generally, when mitochondria are
damaged, cytochrome c is released to trigger a series of caspase
reactions leading to apoptosis. We isolated the cytoplasm and
mitochondria to determine the distribution of cytochrome ¢ and
found that cytoplasmic cytochrome ¢ levels increased significantly
with treatment, while mitochondrial cytochrome c¢ levels
decreased; these findings indicated that cytochrome ¢ was released
into the cytoplasm from the mitochondria after Sec C adminis-
tration (Fig. 2D and Fig. S2C).

In addition, we detected mitochondrial membrane potential
with JC-1 dye by flow cytometry (Fig. 2E) and fluorescence mi-
croscopy (Fig. 2F and Fig. S2D). The results show that the
mitochondrial membrane potential in Sec C-treated cells was
significantly lower than the mitochondrial membrane potential in
control cells. Meanwhile, we observed that the expression of
PUMA, an apoptosis-promoting protein, was increased in a dose-
dependent manner (Fig. 2G and Fig. S2E). All the above-
mentioned results demonstrate that Sec C induces apoptosis in a
mitochondria-mediated manner.

3.3.  Sec C induces ER stress and lipid droplet formation in
GEM-R and GEM-S pancreatic cancer cells

In our electron microscopy assays, aside from swelling and vacuo-
lization of mitochondria, we also found considerable enlargement
and vacuolization of ER in Sec C-treated cells (Fig. 3A), suggesting
that Sec C treatment might have damaged the ER and caused it to lose
its primary structure. We transfected cells with YFP-ER plasmid,
which labels the ER lumen, and a GFP-Sec61 plasmid, which labels
the ER membrane, to further examine ER changes. The results
showed that ER vacuoles and ER reticular structures were present in
both YFP-ER and GFP-Sec61g cells at the lower dose of 1—2 pmol/L
(Fig. 3B).

The ER is a cellular organelle that is critical for protein
folding, secretion and lipid biosynthesis. When unfolded and
misfolded proteins increase, ER stress is initiated. Then, ER stress
sensors activate PERK/EIF2a/ATF4** and the ER stress-
associated protein BIP (a chaperone that assists in proper pro-
tein folding). Following exposure to Sec C, we observed that
PERK—EIF2a—ATF4 pathway (Fig. 3C and Supporting
Information Fig. S3A) and IREla—XBP1 (Fig. S3B) pathway
were activated, and the activated levels of PERK—EIF2a—ATF4
pathway were higher than the activated levels of IRE1a—XBP1
pathway. But there was no activation effect observed in ATF 6
pathway (Fig. S3B). The expression of ATF4 target gene BAX
increased and BCL2 expression decreased (Fig. 3D and Fig. S3C).
Meanwhile as the downstream molecular of activated IRE1, JNK
was phosphorylated (Fig. S3B).

We also observed considerable numbers of lipid droplets in Sec
C-treated cells in electron microscopy images. As reported in a
previous review>*, the ER participates in lipid biosynthesis, and
ER stress can induce lipid metabolic disorder, leading to the
formation of lipid droplets. Thus, we hypothesized that the lipid
droplet formation induced by Sec C might be a result of ER stress.

We applied the fluorescent lipid probe BODIPY to quantify lipid
droplets. The results showed that the numbers of lipid droplets
obviously increased in a dose-dependent manner with treatment
(Fig. 3E and Fig. S3D).

To clarify the cause of lipid droplet formation, we detected the
levels of key lipogenic regulators/enzymes that can promote lipid
droplet formation and can be induced by pharmacological ER
stress according to previous reports®. These regulators/enzymes
included mainly FSP27, FIT2, and AP2. The results reveal that
the mRNA levels of FSP27, FIT2 and AP2 all increased with
increasing Sec C concentrations (Fig. 3F), indicating that Sec C
could induce key ER stress-associated lipogenic regulator or
enzyme expression increase and subsequently promote lipid
droplet formation. All the above results demonstrated that Sec C
could induce severe ER damage to disturb lipid metabolism and
subsequently activate the ER stress pathway.

ER stress initiation usually leads to two effects: when ER stress is
mild, the stress-activated pathway can restore ER homeostasis by
promoting unfolded or misfolded protein degradation; alternatively,
when stress is strong, activation of the PERK—EIF2—ATF4 pathway
enhances the expression of ATF4 target genes such as BAX and
correspondingly decreases the expression of BCL2. BAX and BCL2
expression changes increase mitochondrial permeability to promote
the release of cytochrome ¢ from mitochondria into the cytoplasm,
triggering apoptosis>>.

In our study, we observed that Sec C activated the ER stress
pathway and ER-associated proteins, increased BAX levels, and
induced cytochrome c release and apoptosis. Thus, we speculated
that Sec C-mediated activation of the ER stress response and
upregulation of ER-associated proteins facilitated cytochrome ¢
release, thereby activating apoptosis.

The chaperone BIP is one of the most abundant proteins within
the ER. During the ER stress-induced UPR, BIP was upregulated
as a primary and direct ER stress sensor’® *®, and BIP was an
essential regulator of the UPR pathway’*". In our study, BIP was
upregulated in a time-dependent manner in response to Sec C-
induced UPR; thus, to further validate the role of BIP in ER stress
and the role of ER stress in apoptotic induction in presence of Sec
C, we knocked down BIP, and results show that BIP depletion
attenuated the ER stress response and rescued the increase of pro-
apoptosis proteins (Fig. 3G and Fig. S3E), indicating a diverse role
of BIP in ER stress induction from some reports (BIP has a
negative effect on ER stress induction)’' *® and that Sec C
induced ER stress to subsequently lead to the upregulation of the
ATF4 target gene BAX and downregulation of BCL2 to enhance
mitochondrial permeability, which induced cytochrome c release
and apoptosis.

3.4. Microarray and gene set enrichment analysis

To further investigate the molecular pathway involved in Sec C
activity, we treated AsPC-1, MIA PaCa2 and PANC-1 cells with
Sec C and a solvent control. After RNA extraction and RNA-seq
analysis, we performed Gene Set Enrichment Analysis using gene
sets for oncogenic pathways in the Molecular Signature Data-
base®*. The results reveal that the UPR and apoptosis pathways
were significantly enriched after Sec C treatment (Fig. 4A), in line
with our data mentioned above.

Then, we analyzed the DEGs in each treated cell vs. control
cell and found that the number of DEGs for every comparison
exceeded 1000. Upon comparing and integrating the tran-
scriptomic data, we found 239 overlapping DEGs among the 3
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Figure 4

Microarray and gene set enrichment analysis. (A) AsPC-1, MIA PaCa2 and PANC-1 cells were treated with 3 pmol/L Sec C for 12 h,

RNA was extracted for RNA-seq analysis with microarray, and Gene Set Enrichment Analysis in the Molecular Signature Database was
performed. (B) Venn diagram of DEGs from 3 comparisons (treatment vs. control for AsPC-1 cells, MIA PaCa2 cells and PANC-1 cells). [log2
Ritio| > 1, FDR value < 0.001. (C) Oncogenic pathway functional enrichment of 239 DEGs from the 3 abovementioned comparisons.

comparisons (treatment vs. control for AsPC-1 cells, MIA PaCa2
cells and PANC-1 cells) (FDR < 0.001, |Fold changes|>2)
(Fig. 4B). KEGG pathway enrichment analysis showed that these
239 DEGs were significantly enriched in many pathways
(Fig. 4C). Among the cancer pathways, the Hippo signaling
pathway was the most obviously enriched for the DEGs. That is,
numerous well-characterized TAZ/YAP target genes were found to
be downregulated in the RNA-seq dataset in Sec C-treated group
(data not shown), indicating that YAP activity was decreased and
the Hippo signaling pathway was inhibited.

3.5.  YAP participates in Sec C-mediated ER stress and
apoptosis

The abovementioned RNA-seq results showed that YAP tran-
scriptional activity was decreased; thus, we further observed YAP
mRNA levels based on an RNA-seq assay. To our surprise, we did
not observe a change in the YAP mRNA level, and therefore, we
hypothesized that YAP protein regulation might influence YAP
activity. Then, we detected YAP mRNA levels by real-time PCR
and protein levels after Sec C administration. In accordance with
the RNA-seq data, YAP mRNA levels did not obviously change
(Fig. 5A), but YAP protein levels decreased significantly in both
MIA PaCa2 and PANC-1 cells (Fig. 5B). To further ascertain the
role of YAP in Sec C-induced ER stress and subsequent apoptosis,
we overexpressed YAP prior to the addition of Sec C and detected

whether the growth inhibition, ER stress and subsequent apoptosis
induced by Sec C were reversed. A colony formation assay veri-
fied that overexpression of YAP reversed Sec C-induced growth
inhibition (Fig. 5C). To further verify the role of YAP, we trans-
fected cells with an inactive YAP mutant (S127D) and an active
YAP mutant (S127A), and an inactive mutant (S127D) could not
reverse Sec C-induced anticancer effect (Fig. 5E and Fig. S4B),
while the active mutant (S127A) exerted an effect similar to the
effect of wild-type YAP (Fig. 5D and Supporting Information
Fig. S4A). These results demonstrate that Sec C-induced YAP
downregulation contributed to ER stress and subsequent apoptosis
to exert an anticancer effect in both GEM-S and GEM-R cells.
Previous data showed that YAP played a positive role in ER stress
triggering and that the PERK kinase—EIF2« axis regulated YAP.
These data are different from our data regarding the role of YAP,
revealing a unique role of YAP in ER stress.

3.6.  Sec C induces YAP degradation via ER stress-mediated
protein ubiquitylation and degradation

The abovementioned results demonstrate that Sec C treatment did
not obviously decrease YAP mRNA levels but did decrease YAP
protein levels, indicating that Sec C-induced YAP downregulation
might be a result of increased YAP protein degradation (decreased
stability). To further verify our hypothesis, cells were treated with
CHX to block YAP protein synthesis before being exposed to Sec
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YAP participates in Sec C-mediated ER stress apoptosis. (A) MIA PaCa2 and PANC-1 cells were treated with Sec C for 12 h, YAP

mRNA was detected by real-time PCR, and YAP protein was detected by immunoblotting (B). ***P < 0.001 vs. 0 pmol/L group. (C) MIA PaCa2
cells were transfected with YAP for 24 h followed by the addition of Sec C (3 umol/L) for 7 days, and colony numbers were counted. Scale bar,
3 mm. Data are shown as mean + SEM (n = 3); *P < 0.05, **P < 0.01, ***P < 0.001 vs. untreated group. (D) MIA PaCa2 cells were transfected
with YAP, YAPS127A or vector followed by the addition of Sec C (3 umol/L) for 12 h, and the indicated proteins were detected by immuno-
blotting. (E) MIA PaCa2 cells were transfected with YAP, YAPS127D or vector followed by the addition of Sec C (3 pmol/L) for 12 h, and the

indicated proteins were detected by immunoblotting.

C to observe whether the YAP level was still decreased without a
synthesized change in YAP. The results reveal that YAP protein
levels were still decreased and that the half-life of YAP was
shortened from 12 to 6 h (Fig. 6A), suggesting that Sec C pro-
moted YAP protein degradation. There are two protein degrada-
tion pathways: the proteasome degradation pathway and the
lysosomal degradation pathway. To ascertain which pathway was
involved in YAP degradation induced by Sec C, the proteasome
inhibitor MG132 and the lysosomal degradation inhibitor BAF
were added to cells to determine which inhibitor could reverse Sec
C-mediated YAP degradation. The results indicated that MG132,
but not BAF, inhibited YAP degradation (Fig. 6B), suggesting that
Sec C promoted YAP protein degradation via the proteasome
degradation pathway. Among the proteasome degradation sys-
tems, the ubiquitin-mediated protein degradation pathway is the
dominant pathway. Thus, we next detected YAP ubiquitination
levels and found that YAP ubiquitination was indeed increased;
these results showed that Sec C promoted YAP ubiquitination to
initiate YAP degradation (Fig. 6C and Supporting Information
Fig. S5A).

Protein ubiquitination is a process in which ubiquitin ligases
transfer ubiquitin to a target protein for proteasomal degradation. In
the final step of protein ubiquitination, E3 ubiquitin ligases spe-
cifically recognize protein substrates and transfer ubiquitin to

proteins. Our results reveal that YAP ubiquitination was elevated;
thus, we detected the binding between YAP and its specific E3
ligase B-TrCP and found that it was strengthened in the presence of
Sec C (Fig. 6C). Previous research on YAP stability has focused on
the YAP phosphorylation site at Ser397; Ser397 phosphorylation
can promote the binding between YAP and S-TrCP. Therefore, we
examined phosphorylated YAP (Ser397) levels but did not observe
any increases. Rather, the phosphorylated YAP (Ser397) levels were
decreased (Fig. 6D and Fig. S5B), indicating that phosphorylation
of YAP at Ser397 was not the cause of the increased binding be-
tween YAP and its E3 ligase. Recent reports have shown that the
formation of a YAP destruction complex containing the Axin,
GSK3p3, YAP and YAP E3 ubiquitin enzymes 3-TrCP contributes to
the binding of YAP and 3-TrCP and subsequent YAP ubiquitina-
tion®. Thus, we examined the effect of Sec C on the formation of
this destruction complex, and the results show that Sec C potenti-
ated destruction complex formation (Fig. 6E and Fig. S5C),
explaining the increase in YAP ubiquitination.

In response to ER stress, ER-associated degradation, also
named ER stress-induced protein ubiquitylation and degradation,
usually plays a key role in the maintenance of ER homeostasis’®.
During this process, incorrectly folded or unfolded proteins are
dislocated into the cytosol for ubiquitylation with ubiquitin ligases
for degradation via proteasomal activity’’ ~°. In Sec C-treated
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Figure 6  Sec C induces YAP degradation via ERAD-induced protein ubiquitylation and degradation. (A) MIA PaCa2 cells were treated with

CHX (10 pg/mL) in the presence or absence of Sec C for the indicated time, and the YAP protein was examined. (B) MIA PaCa2 cells were
treated with Sec C (3 pmol/L) or a combination of Sec C (3 umol/L) and MG132 (10 pmol/L)/BAF (200 nmol/L) for the indicated time points,
and the YAP protein was detected by immunoblotting. The data are shown as mean & SEM (n = 3). (C) MIA PaCa2 cells were treated with Sec C
(3 pmol/L) for 24 h, and YAP was immunoprecipitated for ubiquitin detection by immunoblotting. (D) MIA PaCa2 cells and PANC-1 cells were
treated with different concentrations of Sec C for 24 h, and phosphor-YAP (Ser397) was determined by immunoblotting. MIA PaCa?2 cells were
treated in the absence (E) or presence of siBIP (F) prior to the addition of Sec C (3 umol/L), cell extracts were immunoprecipitated with anti-YAP
antibody, and destructive complex associated proteins were detected by immunoblotting.

cells, we observed that YAP was ubiquitylated and ER stress was
activated; thus, we speculated that ER stress-induced protein
ubiquitylation and degradation triggered YAP ubiquitylation and
further degradation. To clarify this issue, we performed further
assays to evaluate whether YAP ubiquitylation and degradation
could be restored when ER stress was abrogated, and the results
showed that the decrease in YAP and ubiquitylation were restored
when ER stress was reduced (Fig. 6F). These results demonstrated
that ubiquitination and degradation of YAP in Sec C-treated cells
was mediated by ERAD in GEM-R cells, and in ERAD induction
the different role of BIP from some reports***'.

3.7.  Knockdown of YAP sensitizes cells to the anticancer
activity of compounds

The above results reveal that overexpression of YAP abrogated
Sec C-induced anticancer effects, indicating that YAP might be a
resistance gene. Previous reports have revealed that YAP is
overexpressed in many human cancers and that it is a transcrip-
tional coactivator that promotes the expression of pro-proliferative
and antiapoptotic genes*> 2. Using the Gene Expression Profiling
Interactive Analysis (GEPIA) tool, we found that the YAP levels
in pancreatic cancer patients were significantly higher than the
YAP levels in normal subjects (Fig. 7A). Further analysis revealed
that the survival rate of the high-YAP group was significantly
lower than the survival rate of the low-YAP group (Fig. 7B).

To further validate the resistant role of YAP in pancreatic
cancer, we knocked down YAP in MIA PaCa2 cells prior to
treating the cells with GEM and Sec C, and cell survival was
analyzed. The results revealed that, consistent with the results that

overexpression of YAP counteracted the inhibitory effects of
anticancer agents (Fig. 5C); knockdown of YAP also enhanced the
anticancer effects (Fig. 7C).

3.8.  Sec C sulfates cysteines in ER proteins to disturb formation
of disulfide-bonds in ER proteins to trigger ER stress

Sec C contains a bridged 4-sulfide piperazine ring. Our previous
data on compounds containing similar bridged sulfides and reports
by others have revealed that bridged sulfides are the essential
active moieties of anticancer agents™*. Furthermore, a previous
investigation revealed that compounds containing sulfur atoms can
form mixed disulfide bonds with reduced SH of cysteine residues
to disrupt thiol proteostasis to inhibit cancer growth®*. Research
has shown that the organelle ER is the dominant site containing
abundant cysteine residues'®”°. Considering the bridged sulfide of
Sec C, the abundance of cysteine in the ER and the potent ER
stress effect mediated by Sec C, we hypothesized that Sec C might
sulfurate ER cysteine to form disulfide-bonds to interrupt thiol
proteostasis and induce the UPR effect. Although there is another
amino acid methionine containing S, due to its structure, it hardly
forms disulfide bonds with other amino acids™.

To further ascertain that Sec C might form disulfide bonds with
cysteine, we performed the following assays. First, we introduced
NAC into our assay. NAC, a well-established cysteine derivative,
can break disulfide bonds or replace cysteine residues in proteins
to exert its reducing activity and thus is used to determine whether
disulfide bonds are formed®”*®. And results show that in the
presence of Sec C, NAC could abrogate Sec C-induced ER stress,
and the subsequent apoptosis (Fig. 8A and B, and Supporting
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Figure 7

Knockdown of YAP sensitizes PAAD cells to the anticancer activity of compounds. (A) YAP expression in pancreatic cancer patients

and normal tissues from GEPIA. (B) Disease-free survival of patients based on YAP expression. Kaplan—Meier curves were constructed to
observe the survival of patients with high and low YAP expression. Patients with YAP expression within the top 75% were chosen as the high YAP
group, and those with YAP expression in the bottom 1/4 were chosen as the low YAP group. Differences were evaluated by a log-rank (Man-
tel—Cox) test (n = 90; 45 high YAP expression patients and 45 low YAP expression patients) (GEPIA). (C) MIA PaCa2 cells were transfected
with siYAP and control siNC for 24 h followed by the addition of GEM (2 pmol/L), Sec C (2 umol/L) or solvent for 24 h, and cell vitality was
determined by MTT assay. The data are shown as mean + SEM (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001 (C left: **P < 0.01 vs. siNC

group).

Information Fig. S6A), indicating that Sec C might form disulfide-
bonds with protein.

Then, to further affirm that Sec C mainly sulfureted cysteine in
ER proteins, we extracted ER and whole cell lysates and con-
ducted a dBrB assay in which dBrB could react with free reduced
thiols (SH) of cysteine to generate a highly fluorescent
protein—dBrB adduct by detecting the content of the
protein—dBrB adduct to verify the reaction ability of the com-
pound and SH>*°. Through detection of SH of cysteine in the ER
with a dBrB assay, we identified whether Sec C could decrease ER
SH levels. Correspondingly, we also added NAC to Sec C-treated
cells to detect whether NAC could reverse Sec C-induced decrease
in ER SH levels. The positive control iodoacetamide (IAM) was
used, and it can react with cysteine-SH groups to form stable S-
carboxyaminodimethyl—cysteine adducts®™®'. Results turned out
IAM treatment and Sec C all effectively reduced the free cysteine-
SH levels of ER in MIA PaCaz2 cells (Fig. 8C), and the decrease in
cysteine-SH levels induced by Sec C was dose-dependent.
Moreover, NAC addition restored Sec C-induced decrease in
cysteine-SH.

The SH content of whole cell lysate was also detected, and the
results showed that the degree of decrease of SH level in whole
cell lysate was 5 times less than the degree of decrease of SH level
in ER extraction, indicating that Sec C could primarily decrease
ER SH levels and form stable adducts with ER proteins containing

SH. Finally, we used ER lysates to further identify Sec
C—cysteine adducts by LC—MS/MS. The proteins from ER
extraction lysates were subjected to trypsinization with specific
endonuclease. Then, these tryptic peptides were sequenced by
online microcapillary LC—MS/MS operated in a data-dependent
mode and identified using the Byonic program. Next, the peptides
were cleaved at different sites to ascertain which amino acid was
bound to Sec C. This method to identify adducts is similar to the
method used to identify phosphorylation sites in peptides (in
which amino acids are phosphorylated®”). As displayed in Fig. 8D,
we observed that the cysteine residues of many peptides were
bound to Sec C. For instance, we found that the molecular weight
of the TCMYR peptide increased by 662 (the molecular weight of
Sec C is 662), indicating that the drug was bound to the peptide.
Then, through second-grade sequencing of the ion peaks yl, y2
and bl, we found that the increased molecular weight was not
present in the C-terminal R (arginine) and Y (tyrosine) residues or
the N-terminal T (threonine) residue but was associated with C
(cysteine), indicating that Sec C was bound to C (cysteine).
Based on the disulfide bond formation requirements and the
bridged 4-sulfide piperazine ring structure of Sec C, we hypoth-
esize that there are two binding styles between Sec C and cysteine.
In one style, the bridged 4-sulfide piperazine ring of Sec C is
opened, and one sulfur atom of Sec C forms a disulfide-bonds with
the sulfur atom of the cysteine residue, resulting in an increase in
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Figure 8

Sec C sulfates cysteines in ER proteins to disturb disulfide bond formation in ER proteins to trigger ER stress. MIA PaCa2 cells were

treated with Sec C (2 umol/L) in the absence or presence of NAC (25 pmol/L) for 24 h, and cell vitality was detected with EdU assay (A). Proteins
were detected by immunoblotting (B), and ER proteins were extracted for thiol group detection by dBrB assay (C). MIA PaCa2 cells were treated

with Sec C (2 umol/L) for 24 h, the ER fraction was extracted, and Sec

C—protein binding sites (D) and disulfide-bonds of ER proteins (E) were

analyzed via LC—MS/MS. The peptides were identified as TC*MYR and LSC*LSK (C: cysteine; *: binding site of Sec C in the peptide). (F)
Structure of compound 16. (G) MIA PaCa2 or PANC-1 cells were treated with compound 16 for 48 h, and the IC,, was calculated. MIA PaCa2 or
PANC-1 cells were treated with compound 16 (2 pmol/L) for 24 h, and then proteins were extracted for Western blot detection (H) and SH protein
detection by dBrB assay (I). The data are shown as mean = SEM (n = 3). Nude mice bearing GEM-R MIA PaCa2 cells were administered Sec C
on Day 8 after tumor inoculation and successively administered Sec C every second day. Mice were sacrificed when the tumor volume of the

control group reached 1000 mm. The tumor volume (mm?) (J) and body weight (K) were monitored and plotted. The data are shown as
mean £ SEM (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 40 pm.

the molecular weight of the peptide by 662 (the compound has a
molecular weight of 662), as shown in the left plot in Fig. 8D. In
the other style, the bridged 4-sulfide piperazine ring is opened, Sec
C loses 3 sulfur atoms, and the remaining sulfur atom combines
with the sulfur atom in the cysteine residue to form a disulfide
bond, resulting in an increase in the molecular weight of the
peptide by 566. As shown in the right plot in Fig. 8D, the mo-
lecular weight of the LSCLSK peptide increased by 566, and
further observation of the ion peaks yl1, y2, y3 and b2 indicated
that the increase in molecular weight was not in the C-terminal K
(lysine), L (leucine) or S (serine) residues or in the N-terminal L
and S residues, only C (cysteine) and Sec C could be combined.

As reported® | disulfide-bonds plays a required and key role
during correct folding of ER proteins. Deregulation of disulfide-
bonds formation can lead to the accumulation of misfolded pro-
teins and ER stress induction®® °%, and inhibition of PDI (protein
disulfide isomerase which could promote disulfide-bonds forma-
tion) could induce ER stress and the unfolded protein response®.
To further verify whether the disulfide-bonds formed between Sec
C and ER cysteines interfered with the formation of disulfide-

bonds in ER proteins which is essential for correct protein
folding. We further detected the content of disulfide-bonds in ER
proteins in Sec C-treated cells via LC—MS/MS, and the results
show that the content of disulfide-bonds decreased, suggesting that
Sec C inhibited the formation of disulfide-bonds thus ER stress
and subsequent apoptosis were induced (Fig. 8E). Furthermore,
NAC (a cysteine analog) addition reversed the sulfation of ER
proteins and thus reversed ER stress, and apoptosis was restored,
further verifying the anticancer mechanism of Sec C mentioned
above (Fig. 8C).

Meanwhile, we introduced a constructive analog of Sec C,
compound 16 (Fig. 8F), whose structure is analogous to Sec C
with the exception of bridged sulfides, to further elucidate the
effect of bridged sulfides on ER stress, YAP levels and anticancer
activity. The results showed that the ICsy of compound 16
exceeded 50 umol/L, but in the same cell line, the ICs, of Sec C
was only approximately 1 pmol/L (Fig. 8G). Moreover, at the
same concentration at which Sec C induced ER stress, apoptosis
and YAP decrease in two cell lines, we did not observe ER stress,
apoptosis and YAP decrease in addition of 16 (Fig. 8H and
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Fig. S6B), nor did we observe the binding between compound and
cysteine residues (Fig. 8G), indicating that bridged sulfide-
induced sulfation in ER protein plays the key role in ER stress,
apoptosis and anticancer exhibition.

Then, we evaluated the anticancer efficacy of Sec C in vivo by
transplanting GEM-R MIA PaCaz2 cells into nude mice. The results
indicated that Sec C could suppress tumor xenograft proliferation.
At 5 mg/kg, the inhibitory rate was approximately 71%, while at
2.5 mg/kg, the inhibitory rate was approximately 55% (Fig. 8J). The
body weight curves indicated that the animals tolerated the
administered Sec C doses well (Fig. 8K). We also applied GEM
(50 mg/kg, much higher than the dose of Sec C) to GEM-R cells as a
positive control and found that although 50 mg/kg GEM could
exhibit an anticancer effect, obvious decreases in body weight
occurred, suggesting strong toxicity in the GEM-treated group with
GEM-R cell transplantation. These data show that Sec C exhibits an
excellent inhibitory effect on GEM-R pancreatic cancer cells
without causing obvious toxicity in vivo.

4. Discussion

Natural products have been vital sources for the discovery of
anticancer drugs. From 1981 to date, approximately 34% of the
drugs approved by the FDA have been made from natural products
and their derivatives; these natural products have been derived
mostly from microbes and plants and have usually served as
skeleton compounds’’. The diversity of pharmacophores and the
complexity of the spatial configuration of natural products facil-
itate the binding of these natural products to their targets, which
subsequently improves screening accuracy’'. Another advantage
of natural products over synthetic compounds is that natural
products have metabolite-like characteristics that allow them to
“hitchhike” through transporters of endogenous metabolites to
enter target cells, increasing their bioavailability’> ">, Thus,
exploration of natural products has been an important aspect of
drug discovery and development.

Sec C, a natural product from microbes, was originally isolated
in 1997 from metabolites of the fungi Emericella striata and
Emericella quadrilineata. Since 1997, the biological activities of
Sec C, including its anticancer activity, have not been explored.
Our research reveals that Sec C could exert potent anticancer ef-
fects in both GEM-S and GEM-R pancreatic cancer cells. The
1Cs¢ of GEM was above 60 pmol/L in GEM-R cells, but the ICs
of Sec C was 2—4 pmol/L in these cells, similar to the ICsq in
GEM-S pancreatic cancer cells, suggesting that Sec C can inhibit
cancer growth regardless of GEM resistance.

Our findings also revealed another beneficial effect of Sec C:
although Sec C and GEM have a similar ICsy in GEM-S cells,
Sec C could kill 80% of cancer cells following 6 h of admin-
istration at 1.5-fold the ICsy, and at the same concentration,
GEM only inhibited 20% of the cell proliferation. These findings
indicate that Sec C can rapidly kill tumor cells, which is very
important for some tumor patients. Usually, preoperative
shrinkage of tumors via chemotherapy is essential to prevent
tumor invasion during surgery. However, for some tumor pa-
tients who urgently need tumor resection surgery (for example,
due to tumor rupture or compression of vital organs), rapid
shrinkage of tumors is especially important. The rapid cell-
killing effects of Sec C will aid in shrinking tumors quickly in
such cases. Furthermore, the rapid action of Sec C may help
prevent further spread of tumors and reduce the duration of
postoperative drug therapy.

We further investigated why there were no differences in Sec
C-mediated anticancer effects between GEM-S and GEM-R cells
and why Sec C could rapidly exhibit anticancer effects. A
mechanistic study showed that Sec C could bind ER proteins in
GEM-R and GEM-S cells and form disulfide bonds with these
proteins, which interfered with their normal functions and led to
folding and modification failure in some ER proteins. These ef-
fects led to the accumulation of unfolded or misfolded proteins,
and ER stress was induced. Continued ER stress activated the
PERK—EIF2a—ATF4 pathway, which then increased the
expression of the ATF target gene BAX, leading to an increase in
mitochondrial membrane permeability and ultimately to
mitochondria-mediated apoptosis. Notably, the ER, which is the
target of Sec C, is enriched in pancreatic tissues compared to
other tissues, especially in pancreatic cancer tissues, and ER
chaperone proteins that enhance ER stress are also highly
expressed regardless of GEM resistance. Furthermore, the resis-
tance gene YAP was found to play an essential role in Sec C-
induced anticancer activity in GEM-R and GEM-S cells; thus, Sec
C exhibited potent antitumor effects irrespective of GEM
resistance.

In our study, we found that Sec C downregulated YAP protein
levels to activate Sec C-triggered ER stress pathway and subse-
quently increased ER damage-induced mitochondrial membrane
permeability. However, diverse opinions have been presented
about the mechanism by which YAP regulates ER stress, and the
relationship between YAP and the UPR is convoluted and seems to
be more complicated than other stresses. In one study’®, taur-
oursodeoxycholic acid, a hydrophilic bile acid derivative, was
found to alleviate ER size-associated ER stress and downregulate
YAP; further exploration revealed that tauroursodeoxycholic acid
alleviated ER stress by downregulating YAP and that YAP played
a positive role in triggering ER stress. In addition, the same study
reported that prolonged ER stress-induced Hippo signaling
inhibited YAP expression in a negative feedback loop and pro-
moted apoptosis and demonstrated that the PERK kinase—EIF2«
axis regulates YAP. Another report revealed that suberoylanilide
hyroxamic acid inhibits YAP activity to activate ER stress and
promote survival in differentiating muscle and sarcoma cells’’.
These data are different from our data regarding the role of YAP.
For instance, in our study, YAP expression was decreased
following Sec C treatment, ER stress was induced to trigger cell
death, and YAP inhibited ER stress and negatively regulated the
PERK kinase—EIF2« axis. We hypothesize that the different roles
of YAP in ER stress activation might be due to the diverse types of
ER damage induced by the various agents. These diverse types of
ER damage might initiate other corresponding pathways that
might affect the role of YAP in ER stress. Our research reveals a
novel role of YAP in ER stress induction and shows that YAP
might exhibit multiple functions in various cells in response to
treatment with diverse compounds.

5. Conclusions

Sec C, a natural anticancer compound produced by endophytic
fungi, exhibits excellent anticancer effects against GEM-R/GEM-
S cells and will be a beneficial treatment for patients with primary
and secondary GEM resistance. In addition, the rapid action of
Sec C compared with GEM will enable rapid assistance for pa-
tient’s urgently needing surgery. As Sec C is a fungal metabolite,
its production is scalable, low-cost and pollution-free. These
characteristics make Sec C a promising drug for the treatment of
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pancreatic cancer. The unique mechanism of Sec C, including
degradation of YAP to enhance ER stress via promotion of YAP
destruction complex formation, also provides new ideas for the
development of antitumor drugs.
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