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Celastrol Modulates Multiple Signaling Pathways
to Inhibit Proliferation of Pancreatic Cancer via
DDIT3 and ATF3 Up-Regulation and RRM2 and
MCM4 Down-Regulation
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Background: Pancreatic cancer is one of the most serious and lethal human cancers with
a snowballing incidence around the world. The natural product celastrol has also been widely
documented as a potent anti-inflammatory, anti-angiogenic, and anti-oxidant.

Purpose: To clucidate the antitumor effect of celastrol on pancreatic cancer cells and its
modulatory role on whole genome expression.

Methods: The antitumor activity of celastrol on a panel of pancreatic cancer cells has been
evaluated by Sulforhodamine B assay. Caspase 3/7 and histone-associated DNA fragments
assays were done for apoptosis measurement. Additionally, prostaglandin (PGE2) inhibition
was evaluated. Moreover, a microarray gene expression profiling was carried out to detect
possible key players that modulate the antitumor effects of celastrol on cells of pancreatic cancer.
Results: Our findings indicated that celastrol suppresses the cellular growth of pancreatic
cancer cells, induces apoptosis, and inhibits PGE2 production. Celastrol modulated many
signaling genes and its cytotoxic effect was mainly mediated via over-expression of ATF3
and DDIT3, and down-expression of RRM?2 and MCMA4.

Conclusion: The current study aims to be a starting point to generate a hypothesis on the
most significant regulatory genes and for a full dissection of the celastrol possible effects on
each single gene to prevent the pancreatic cancer growth.
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Introduction

Pancreatic cancer is ranked among the top five death-related-malignancies in the
United States and accounts for over 43,000 deaths annually and an estimated
53,000 new diagnosed cases.'” The survival rate still remains one of the lowest
among other types of malignant diseases, with 5% of patients living over 5 years.' >
Early diagnosis of the tumor is considered the best tool to combat the disease.
However, in practice, this is considered as an unrealistic option for several reasons.
Surgical intervention, on the other hand, is the best treatment option so far for
pancreatic cancer patients, despite its low survival rates (20%). Moreover, it has
been estimated that nearly 80% of the patients do not undergo surgical resection
due to the difficulties in early diagnosis. Alternatively, chemotherapy or chemor-
adiotherapy is still an available therapeutic option, in particular for patients who
suffer from local unresectable or advanced metastatic tumors.’
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The Modulatory effect of Celastrol on Pancreatic cancer cells
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The use of natural products and their derivatives
has always rising attention to mitigate the seriousness of
various diseases including cancers; that is gripping the
attention of search groups worldwide.” ' Recently, the
immense bioactivities of natural products have been pin-
pointed; that they can modulate the signaling pathways in
tumor cells via activation or suppression of multiple cel-
lular pathways.>®!'*"'® Celastrol, a quinone methide triter-
penoid, is a natural product extracted from Tripterygium
wilfordii Hook F. (“Thunder of God Vine”) plant and is
used widely in TCM (traditional Chinese medications).
The biological activities of celastrol have been extensively
explored; it has been documented that celastrol has antic-
ancer activity against various tumors, including leukemia,
melanoma glioma, and prostate cancer.'®® The celastrol
anticancer activity was owed to its capability to compro-
mise different cellular mechanisms in cancer cells.
Celastrol is found to suppress tumor necrotic factor
(TNF) induced cancer cells metastasis, nuclear factor
(NF)-kB signaling, heat shock protein (HSP) 90, extracel-
lular signal-regulated kinase (ERK), proteasome, and mod-
ulates TRAIL-induced apoptosis.*® >

To our knowledge, the antitumor activity of celastrol
on pancreatic cancer in different proliferation stages and
its influence on the expression pattern of the whole

genome is not yet identified. In the current work, we
aimed to evaluate the inhibitory effects of celastrol on
the growth of human pancreatic malignant cells at differ-
ent stages. In this context, we investigated the antitumor
activity of celastrol on numerous cell lines representing
drug resistant patterns and diverse differentiation stages of
pancreatic cancer in comparison to normal immortalized
pancreatic cells.

Materials and Methods

Pancreatic Cell Lines

Eight pancreatic human cancer cell lines were obtained
from the American Type Culture Collection (Rockville,
USA) and were used in this study: Suit-007, Suit-2,
BxPC-3, Capan-2, Capan-1, Miapaca-2, Colo-357, and
Panc-1 as well as the normal immortalized pancreatic
cell line HPDE. Cell lines were grown and treated with
celastrol or control dimethyl sulfoxide (DMSO) as pre-
viously indicated.>®13:16:18.36-39

Effect of Celastrol on Cellular
Proliferation

To evaluate the anti-proliferative effects of celastrol on
cells of pancreatic cancer, the Sulforhodamine B (SRB)
assay was accomplished to evaluate the cellular protein
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content.>*1%1317 Briefly, cell lines were incubated and
gradually treated for 48 hours with DMSO or increasing
doses of celastrol. Then, cells were fixed with trichloroa-
cetic acid (TCA) (10%) and stained with SRB fluorescent
dye for 30 minutes. The excess dye was repeatedly washed
with 1% acetic acid and the SRB bounded to cellular
proteins was then dissolved in 10 mM Tris base. The
absorbance was measured at 510 nm in a reader

(Molecular Devices, Sunnyvale, CA, USA).

Evaluation of the Apoptotic Effects of

Celastrol on Pancreatic Cancer Cell Lines
The apoptotic ability of celastrol was determined by mea-
suring degradation of DNA and histone-associated DNA
fragments. The apoptotic effects of celastrol on BxPC-3,
Panc-1, and Miapaca-2 cancer cells were evaluated using
the ELISA kit for detection of cell death (Roche
Diagnostics GmbH, Germany). Briefly, cells were either
dosed with or without celastrol (2 IC50, IC50, or 2 IC50)
for 6 hours. The cytoplasm of untreated and treated cells
was then transferred to coated plates with Biotin-binding
protein streptavidin. The plates were incubated with bioti-
nylated histone antibody and peroxidase-tagged mouse
anti-human DNA, and the absorbance was measured at
405 nm (Molecular Devices, Sunnyvale, CA, USA).

Evaluation of Caspase-3/7 Activity

Caspases are protease enzymes that play crucial roles in
apoptosis. In this context, the apoptotic effects of celastrol
on pancreatic cell line Panc-1 were further confirmed
through measuring caspase 3/7 quantities using assay kit
(Caspase-Glo 3/7) (Promega, Fitchburg, MA, USA) as
previously performed.®% 8374042 Briefly cells were
dosed with or without celastrol (Y2 IC50, IC50, or 2
IC50) for 6 hours. Reagent Caspase-Glo 3/7 was prepared,
added in equal volumes to cells, mixed gently, and incu-
bated for 1 hour at 25°C. The luminescence was detected,
and the activity of caspase was presented as a percentage
of the untreated control.

Inhibition Assay of Prostaglandin

To evaluate the celastrol’s effect on the production of
prostaglandin E2 (PGE2), the prostaglandin E2 assay Kit
(Cayman Chemicals, MI, USA) was employed as indi-
cated formerly.>®*** The assay is designed to detect
and quantify the level of human PGE2 in biological sam-
ples. It is based on the competition between PGE2 and

a PGE?2 alkaline phosphatase tracer for a restricted amount
of specific PGE2 monoclonal antibody. Furthermore, NS-
398, non-steroidal anti-inflammatory, was employed as
a positive control. Briefly, after treatment, cells were
dosed with or without celastrol (2 I1C50, IC50, or 2
IC50) for 24 hours and stimulated with arachidonic acid.
The PGE2 production was assessed by a competitive
enzyme immunoassay in accordance with the kit manufac-
turer’s procedure. The inhibitory effects of celastrol and
positive control were presented as a percentage of the
untreated control.

Microarray

In order to perform a whole genome expression analysis,
the high COX-2 expressing BxPC-3 cells were either
dosed with 10 uM celastrol or DMSO for 2 days. RNA
was extracted, purified, and processed as we described
previously.>” %*' The Illumine human sentrix-8 v3. The
Human sentrix Ref-8 Expression BeadChip contains eight
arrays of more than 24,000 probes derived from the
RefSeq database. These new Expression BeadChips pro-
vide high-quality performance with low rates of false
differential expression. Here, the differential expression
values are defined as genes showing a more than or
equal to 1.5-fold difference in raw hybridization intensity
(up or down) between two samples.

Validation of Microarray by RT-PCR

The significance of array results has been checked and
validated by RT-PCR analysis for selected significantly
regulated genes throughout the array study. The RT-PCR
was performed with the same samples used for microarray
according to QuantiTect SYBR Green Kit (Qiagen,

37,41,44,45
Germany).” """

Determination of the Tangled Effects of
Celastrol on Signaling Pathways in Cells of

Pancreatic Cancer

The Ingenuity Pathway Analysis (IPA) (www.ingenuity.
com) (Mountain View, USA) was employed in our study
to identify the expected molecular biomarkers list, net-
works and signaling pathways that have been modified

after treatment of celastrol, as previously shown.?>-*1¢-3

Data Analysis and Statistical Analysis
Microarray data analysis, cluster analysis, normalization,
and quality assessment were carried out with the MIAME
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compatible analysis where differences with a P-value
<0.05 were only considered. Moreover, correspondence
analysis was employed for cluster analysis.’>">%*! The
assays were conducted in triplicate and the results are
presented as the meanststandard errors and P-values
<0.05 were assumed to be statistically significant using

two-way ANOVA test (Graphpad Prism 8 software).

Results
Celastrol Suppresses Cellular
Proliferation of Cells of Pancreatic

Cancer

The celastrol effects on cellular proliferation of eight differ-
ent pancreatic cancer cell lines (Suit-2, Suit-007, BxPC-3,
Capan-2, Colo-357, Miapaca-2, Panc-1, and Capan-1) and
the normal immortalized pancreatic cells (HPDE) have been
evaluated. SRB colorimetric assay has been used to evaluate
the cellular proliferation with steady rising in celastrol dosing
for 48 hours. Results showed that Miapaca-2 and BxPc-3
were the most affected cells (IC50=7.3140.33 and 7.79+0.81,
respectively), while Capan-2 and Panc-1 cells were the least
affected cancer ones (IC50=11.46+0.83 and 16.15+0.97,
respectively). Meanwhile, the normal HPDE cells were the
least affected after treatment (IC50>20 pM) (Table 1).

Celastrol Induces Apoptotic Cell Death
Induction of apoptotic cascade is a main chemotherapy-
induced cell death mechanism.*® The apoptotic effects of

Table | Celastrol Inhibits Proliferation of Pancreatic Cancer Cell
Lines. Eight Different Pancreatic Cancer Cell Lines Were Treated
with Increasing Concentrations of Celastrol and IC50 Values
Have Been Accordingly Calculated

celastrol on pancreatic resistant cell lines Miapaca-2,
BxPC-3, and Panc-1 were evaluated by measurement of
histone linked DNA fragments in cytosol and caspase 3/7
levels. Results revealed that celastrol provoked apoptosis via
increasing the number of fragmented DNA released in cyto-
plasm (Figure 1) and, additionally, by increasing the amount
of activated caspases 3/7 (Figure 2) in Panc-1, BxPC-3, and
MiaPaCa-2 cell lines compared to untreated controls. The
apoptotic effect was dose-dependent in all tested cell lines.

Celastrol Prevents PGE2 Production

To appraise celastrol anti-inflammatory effect via PGE2
inhibition, we hired the high COX expression cell line
(BxPC-3). Our findings indicated that celastrol consider-
ably decreased PGE2 production openly with dose increas-
ing confirming the anti-inflammatory effect of celastrol on
pancreatic cancer cells and the possible beneficial effect
for cancer treatment (Figure 3).

Target Genes and Signaling Pathways
After BxPc-3 Cells Treatment with

Celastrol

Microarray expression testing has been conceded as formerly
designated®’***' using Illumine human sentrix-8 v3 (Chip
5388892088). For significance a threshold of typically 0.05
is chosen: Reject all as not significant, where p>0.05. In our
study, BXxPC-3 cells were dosed with DMSO as control or 10
UM celastrol for 48 hours. Gene regulation outcomes indicated
that celastrol drastically regulated 300 genes in BxPc-3 cells,
with a minimum of 2-folds fluctuation in their expression. Two
hundred and eight and 92 genes were significantly up- or
down-regulated, respectively. The top 80 regulated genes are
shown (Figure 4). The color-coded scale shows fold changes
for upregulated and down-regulated genes. Regulated genes
were primarily implicated in cyclin and cell cycle regulation.
Importantly, array results agreed with RT-PCR results
(Table 2) where both the DNA-damage-inducible transcript 4
(DDIT4), the Growth Arrest and DNA Damage Inducible
Alpha (GADD45B) and Fos Proto-Oncogene (Fos) were com-
monly upregulated and the Ribonucleotide Reductase
Regulatory Subunit M2 (RRM2) was commonly downregu-
lated in both array and RT-PCR results after treatment.

Analysis of Canonical and Signaling
Pathways

To recognize the canonical pathways and networks facil-
itating the celastrol inhibitory effects on the BxPC-3

Cell Line 1Cso (M)
Miapaca-2 cells 7.31£0.33
Capan-| cells 8.24+0.54
Capan-2 cells 11.46+0.83
Suit-007 cells 8.64+0.71
BxPC-3 cells 7.79+0.81
Colo-357 cells 8.76+0.56
Panc-1 cells 16.15+0.97
Suit-2 cells 10.38+0.92
HPDE cells >20
3852 "
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Figure | Celastrol induced apoptosis of cancer cell. Cell lines were treated with different concentrations of celastrol and histone-associated DNA fragments were
quantified by SRB assay. The assay was repeated in triplicate and the results are shown as means+SEM.
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Figure 2 Celastrol increases caspases. Cell lines were treated with different concentrations of celastrol and caspases 3/7 assay was performed. The assay was repeated three

times and the results were presented as means+SEM.

cancer cell line, the IPA was employed.’’” The IPA
Graphical Summary gives an outline of the key biological
themes in our IPA core analysis and explains how these
thoughts with
a coherent and comprehensible synopsis of the analysis.

communicate each other, creating

The topmost five regulated canonical pathways post-
celastrol treatment were cyclins and cell cycle regulation

(Figure 5), senescence pathway, cell cycle control and
chromosomal regulation, cell cycle: G1/S checkpoint reg-
ulation (Figure 6), apoptosis of embryonic cell lines,
estrogen-mediated S-phase entry, and prostatic cancer
signaling. Figure 6 shows the number of upregulated
genes (red) involved in cell cycle: G1/S checkpoint reg-
ulation like P27KIPI, and PI8INK4C and additionally
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Figure 3 Celastrol inhibits PGE2 production in BxPC-3 cells. BxPC-3 cells were treated with different concentrations of celastrol and PGE2 production was assessed. The

assay was conducted three times and the results were expressed as means+SEM.

the number of downregulated genes (green) involved in
cell cycle: GI/S checkpoint regulation like Cyclin B,
Cyclin A, and CDK]1.

Interestingly, IPA has recognized a massive number of
regulated genes and were mainly involved in cell move-
ment of cancer cell lines like CTNNBI, EGFR, ESR2,
HIF1A4, RELA, and WNT3A4 while some other genes were
involved in cell death of various breast cancer cell lines
like ECSIT, EWSRI, GPERI, KDM3A4, MRTFB, and
NCOA3. Moreover, DNA recombination, replication, and
repair, cell cycle, survival, and death, and cellular devel-
opment were among the highest regulated molecular and
cellular functions after celastrol treatment.

Discussion

Natural products are an invaluable source of novel drug
discovery because of their safety, potency, and lower cost.
Due to deleterious side-effects of chemically synthesized
therapeutics, especially anticancer; natural products are
plausible alternatives and it is urgently needed to find
safer natural remedies.>>*"*° Celastrol is a natural pro-
duct obtained from Tripterygium wilfordii Hook F and was
stated for its anticancer activities. Significantly, celastrol
showed anticancer activity against various tumors as
breast, prostate, and liver cancers, multiple myeloma, and
glioma.?'*3% Moreover, celastrol was used in treatments

of chronic inflammation, autoimmune diseases, and neu-
rodegenerative diseases.’® Despite there being some pro-
posed mechanisms of celastrol’s action in suppression of

cancer,>>>°

its antitumor activity, especially in pancreatic
cancer, has not been explored yet.

In the current analysis, the growth inhibitory effects of
celastrol have been assessed on diverse pancreatic cancer
cell lines with diverse proliferation stages and different
resistance pattern. It was obvious that celastrol inhibited
cellular growth of all tested cell lines compared to normal
cells and the effect was cell line dependent where results
showed that Miapaca-2 and BxPC-3 were the most
affected cells while Capan-2 and Panc-1 cells were the
least affected cancer ones. Additionally, celastrol enhanced
apoptosis in cancerous cells via activation of caspases 3/7
and an increasing amount of histone-linked DNA frag-
ments released in cytoplasm. Moreover, the effect of celas-
trol on PGE2 (prostaglandin production) was also
monitored where celastrol significantly inhibited PGE2
production in the BxPC-3 cell line (the highly COX-2
expressing cells).*>! Furthermore, a comprehensive gen-
ome expression analysis was accomplished to identify the
responsible genes for the growth inhibitory effects of
celastrol, and its molecular targets in addition to the
expected pathways that mediate its cellular effects in pan-
creatic cancer.

3854

Dove!

OncoTargets and Therapy 2021:14


https://www.dovepress.com
https://www.dovepress.com

Dove

Youns et al

Gene Name ID FC Gene Name ID FC

ADFP 123 KIAA0895 23366

ATF3 467 KLF6 1316

BAG3 9531 LATS2 26524

BTBD5 54813 LOC153222 153222

C180rf19 125228 [ LOC442578 442578

C1orf103 55791 MCM10 55388

C5orf4 10826 MOAP1 64112

C6orf150 115004 NUAK2 s17ss [N

CCNE2 9134 B T2 55916

CDKL3 51265 OSGINT 29948

CEBPD 1052 [ PiM1 5292

CHMP1B 57132 PLEKHH3 79990

CMIP 80790 POLRIC 9533 N

CTPS 1503 PPFIA4 8497

cYycs 54205 PPM1D 8493

CYR61 3491 PPP1R15A 23645

DBP 1628 RBM33 155435

DDIT3 1649 RGS2 5997

DEDD2 162989 RNASE4 6038

DHDH 27294 RNMT 8731 [ ]

DNAJA4 55466 RPL10L 140801

DNAJB2 3300 RRM2 6241

DNAJB6 10049 RRS1 23212

DUSP1 1843 SEMA4B 10509

EGR2 1959 SLC26A11 284129

ENO3 2027 SNORA32 692063

FER1L4 80307 SNORD36C 26813

FOS 2353 TAF7 6879

FOSB 2354 TIPARP 25976

HBP1 26959 TRIM26 7726

HES1 3280 TSC22D2 9819

HIST1H4C 8364 UBC 7316 11 t0 21,60
HMOX1 3162 UPK1A 11045 610 10.04
HSPA1B 3304 UPRT 139596 3,00 to 5,47
HSPA1L 3305 VAPA o218 [ 2.10 0 2,99
ID1 3397 YPEL2 388403 e 202,09
IER3 8870 ZFAND2A 90637 @ 0,58 10 0,59
IER5 51278 ZFP36 7538 0,53 t0 0,57
JosD3 79101 ZNF274 10782 0.48 t0 0.52
KIAA0355 9710 ZNF395 55893 <047
Figure 4 Top 80 pointedly up- or down-regulated genes in BxPC-3 cells after treatment with celastrol.

In the next few lines we will explain some genes up- DNA-damage-inducible  transcript 3 (DDIT3/

and down-regulated significantly in array results and how
they helped us to explore the possible anticancer effect of
celastrol on pancreatic cancer. These modulated genes
after treatment have been previously reported for their
correlations with biologically important pathways, cancer
development, apoptosis, cell migration, metastasis, angio-
genesis, and cell cycle and cyclin dependent pathways.

GADDI153) is an endoplasmic reticulum stress (ERS)
related protein which was previously reported to have
Moreover, DDIT3 is
known to play a crucial role in arresting apoptotic growth

a noteworthy role in cancer.>?

after DNA damage and after numerous stress circum-
stances, such as deprivation of nutrients and treatment
with >33

chemotherapeutic agents. Our array results
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Table 2 RT-PCR Verification of Microarrays Results for Some Selected Genes

Official Gene Name Gene Symbol Fold Change (Microarray) Fold Change (qRT-PCR)
Ribonucleotide Reductase Regulatory Subunit M2 RRM2 —2.27 —3.81
DNA-damage-inducible transcript 4 DDIT4 +14.06 +8.22
Growth Arrest and DNA Damage Inducible Alpha GADD45B +3.26 +2.17
Fos Proto-Oncogene Fos +21.9 +11.52

showed that DDIT3 encoding gene was among signifi- Activating transcription factor 3 (A7F3) shows

cantly up-regulated genes after treating of BxPC-3 cells
with celastrol, and that could explain in part celastrol
growth inhibitory effects.

a significant role in modulation of stress and inflammatory
responses. ATF3 is an ATF/cyclic AMP response element-
binding (ATF/CREB) transcription factors family member.
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Figure 6 Cyclin and cell cycle regulation pathway after treatment of pancreatic cancer cells with celastrol. Example of upregulated genes (red) involved in cell cycle: GI/S
checkpoint regulation were P27KIPI, and PI8INK4C while among downregulated genes (green) involved in cell cycle: GI/S checkpoint regulation were Cyclin B, Cyclin A, and
CDKI. An asterisk (*) indicates that a given gene is represented in the microarray set with multiple probes.

Moreover, the role of ATF3 has been shown to be critical
for cancer progression by promoting or suppressing apop-
tosis and cell proliferation.’*>> However, the fluctuating
role of ATF3 on tumor progression, ATF3 notably exerts

1.5° Recently,

anticancer activity by regulation of CYR6
ATF3 was reported in hepatocellular carcinoma as
a novel cancer suppressor gene.”’ Our findings showed

that ATF3 was one of the significantly up-regulated

genes after treating cancer cells with celastrol, which
could participate in the celastrol’s inhibitory effect on the
growth of pancreatic cancer cells.

The rate-determining step in the synthesis of DNA is
mediated by Ribonucleotide reductase (RRM). It was
shown that RRM2 up-regulation is associated with gemci-
tabine anticancer resistance in pancreatic cancer patients.
Furthermore, it was demonstrated that the efficacy of
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gemcitabine was enhanced by siRNA-based therapy of
RRM2.>%® Here, we report that RRM2 is down-regulated
significantly in BXxPC-3 cells after celastrol treatment. As
far as we know, it is the first study that recognizes RRM2
as a candidate gene that can modulate the inhibitory effects
of celastrol on pancreatic cancer cells growth.
Minichromosome maintenance (MCMs) family pro-
teins play key roles in cellular replication and progression
cycle. It was reported that the mRNA over-expression of
MCM2, MCM4, and MCMI10 genes were markedly
enhanced lung adenocarcinoma, and over-expression of
MCM2-5, MCMS8, and MCM10 mRNA was linked to
poor survival.>* %* Our results indicated that MCM4 was
significantly down-regulated after cancer cells treatment
MCM4 down-regulation
could be a proposed molecular mechanism that describes

with celastrol. Accordingly,
celastrol’s inhibitory effect on pancreatic cancer cells.

In this study, we aimed to explore the exact celastrol’s
mechanisms of action on pancreatic cancer cells based on the
most pointedly up- or down-regulated key player genes and
for a comprehensive functional analysis of each single gene
in pancreatic cancer. In this context and after confirmation of
the anti-inflammatory, apoptotic, and anti-proliferative
effects of celastrol on cells of pancreatic cancer; cDNA
microarray was chosen as the best choice technique to screen
its effect on thousands of genes alongside. The results of
microarray pointed out the celastrol effects are mediated via
multiple signaling pathways, and many genes were signifi-
cantly involved in its inhibitory effect on cancer cells.

Finally, the outcome from the presented microarray results
is considered a starting point to identify the exact molecular
mechanisms of celastrol anticancer activities. This study gives
precise insights about the prime targets of celastrol which may
inspire us and others to further investigate celastrol and similar
compounds for their pharmacological actions.

Conclusion

The current analysis obviously demonstrated that celastrol
is a promising antitumor agent. Celastrol inhibited pan-
creatic cancer proliferation through affecting several sig-
naling pathways. The celastrol’s inhibitory effects on
pancreatic cancer was basically attributed to DDIT3 and
ATF3 activation and suppression of RRM2 and MCM4
genes. The microarray results and the expression analysis
information that have been described here could be
a starting point to recognize target genes and for a more
thorough investigation of the functional role of each gene
that describes the celastrol activity in prevention of cancer.
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