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KEY WORDS Abstract It is critical to regulate the senescence-associated secretory phenotype (SASP) due to its ef-
fect on promoting malignant phenotypes and limiting the efficiency of cancer therapy. In this study, we

IS\/I/zf(il;antin M: demonstrated that marchantin M (Mar-M, a naturally occurring bisbibenzyl) suppressed pro-
TFEB: ’ inflammatory SASP components which were elevated in chemotherapy-resistant cells. Mar-M treatment

NF-«B: attenuated the pro-tumorigenic effects of SASP and enhanced survival in drug-resistant mouse models.
No toxicity was detected on normal fibroblast cells or in animals following this treatment. Inactivation
of transcription factor EB (TFEB) and nuclear factor-kB (NF-«kB) by Mar-M significantly accounted
for its suppression on the components of SASP. Furthermore, inhibition of SASP by Mar-M contributed
to a synergistic effect during co-treatment with doxorubicin to lower toxicity and enhance antitumor ef-
ficacy. Thus, chemotherapy-driven pro-inflammatory activity, seen to contribute to drug-resistance, is an

Drug resistance
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2'-deoxyuridine; LPS, lipopolysaccharide; Mar-M, Marchantin M; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-«xB, nuclear
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important target for Mar-M. By decreasing SASP, Mar-M may be a potential approach to overcome tumor

malignancy.

© 2019 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

Although much improvement has been achieved in cancer therapy,
cancer malignant progression is still a huge challenge, owing to
cancer aggressiveness and drug-resistance. Although anti-cancer
therapeutic agents are highly effective in killing cancer cells, these
drugs also promote cellular senescence, a process which induces
the loss of cellular proliferative capacity. Cellular senescence,
resulting in irreversible cell cycle arrest can be triggered in many
cell types (including cancer cells) in response to telomere-
shortening, oncogene activation, chemotherapy, DNA damage,
or oxidative stress' °. Senescent cells undergo many phenotypic
alterations, such as an enlarged and flattened morphology, meta-
bolic reprogramming, autophagy modulation, upregulation of
P53/P21°F!  and P16™X*YRb, and senescence-associated
B-galactosidase (SA-B-gal) activity’. Another important hall-
mark feature of senescence is the secretion of numerous inflam-
matory cytokines, growth factors and proteases, which is termed
senescence-associated secretory phenotype (SASP)’. The SASP
is physiologically beneficial for tissue repair and wound healing®.
However, the secretion of inflammatory cytokines and matrix
metalloproteinase in SASP influences neighboring cells and
microenvironment by paracrine activities, resulting in acceleration
of aging, as well as onset of the secondary cancers and some of the
side effects of chemotherapy’*. Given the fact that senescent cells
act as a double-edged sword in human cancers, pro-senescent and
anti-senescent therapies are actively being explored”'".
Cell-based screening of chemical libraries are potential stra-
tegies to discover new agents with limited adverse effects. Such
strategies might induce cancer cellular senescence at low con-
centrations or mitigate the deleterious effects of senescent cells by
either eliminating senescent cells and/or targeting the SASP. Some
of these compounds naturally occurring in fruits, vegetables, tea,
or wine that exhibit anti-senescent effects may also induce
senescence in cancer cells'""'%. For example, epigallocatechin-3-
gallate and quercetin, two common polyphenols in tea, fruits
and vegetables, are able to delay replicative senescence in
chronically treated cells, and reduce expression of interleukin
(IL)-6, IL-8 and IL-1f that are components of SASP in human
foreskin fibroblasts during stress induced senescence'™'”.
Resveratrol protects human lung fibroblasts against high-glucose
triggered oxidative stress and cellular senescence'’. However,
resveratrol also induced senescence in human lung cancer cells'®.
Similarly, doxorubicin (Doxo) and cisplatin (CDDP), two clini-
cally used anti-cancer agents, are efficient in generating senes-
cence in cell culture in addition to their effects on apoptosis
activation”. Therefore, further research on the effect of bioactive
compounds on senescence is necessary. We have investigated the
novel macrocyclic bisbibenzyl-based class of agents that were
isolated from liverwort plants, as bioactive compounds to exert
antitumor and anti-inflammatory activities'”'®. The present study
went a further step to test the effect of marchantin M (Mar-M) on
the SASP. Using multidrug resistant prostate cancer cells as a

model (which are resistant to chemotherapy accompanied with
high levels of pro-inflammatory factors), we discovered that
Mar-M induced cellular senescence to suppress drug resistant cell
growth without affecting normal fibroblast cells. Importantly,
Mar-M reduced the secretion of SASP components by suppressing
of their upstream regulator transcription factor EB (TFEB) and
nuclear factor-kB (NF-«B), leading to the decreased pro-
tumorigenic impact of SASP.

2. Materials and methods

2.1.  Reagents

Marchantin M was isolated from Chinese Liverworts'’. Tt was
dissolved in dimethyl sulfoxide (DMSO) and stored at —20 °C.
Lipopolysaccharide (LPS) was purchased from Sigma—Aldrich
(St. Louis, MO, USA). Thapsigargin (Tg) was purchased from
Selleck (Houston, TX, USA). Doxorubicin (Doxo) and docetaxel
(Doc) were purchased from the Second Hospital of Shandong
University (Jinan, China).

2.2.  Cell culture and treatments

Prostate cancer (PCa) PC3 cells (the cell Bank of Chinese
Academy of Sciences, Shanghai, China) and docetaxel-resistant
PC3/Doc cells, as previously described, were cultured in F12K
medium supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA) and 100 U/mL penicillin and 100 g/mL
streptomycin. Lung adenocarcinoma H460 and paclitaxel-resistant
H460/Tax cells, murine PCa RM1 cells (the Cell Bank of Chinese
Academy of Sciences, Shanghai, China) and RM1/Doc cells
(docetaxel-resistant cell line derived from RM1) were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum
and antibiotics (pennicillin and streptomycin). 293T cells were
cultured in DMEM medium. All these cells were routinely
cultured 5% CO, at 37 °C. After treatment with chemicals, cells
were collected for Western blotting or other assays, and the
conditioned media were harvested to determine cytokines. DMSO
was used as the control vehicle. The experiments were performed
in duplicate and repeated three times.

2.3.  Senescence (3-galactosidase (SA-(3-gal) staining

After treatment with chemicals, the cells were stained with
senescence (-galactosidase staining kit (Cell Signaling Technol-
ogy, Boston, MA, USA). The cells were washed with PBS, and
fixed for 10—15 min with 1 X fixative solution. After washing in
phosphate buffered saline (PBS), the cells were incubated over-
night at 37 °C in $-galactosidase staining solution, and subjected
to check the cells under a microscope for the development of blue
color, which represents senescence.
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2.4. Cell cycle assay

After treatment of PC3/Doc cells with chemicals for 1 and 5 days,
cells were detected using propidium iodide (PI, Beyotime,
Shanghai, China) staining with flow cytometry (BD Biosciences,
San Jose, CA, USA).

2.5.  5-Ethynyl-2'-deoxyuridine (EAU) incorporation assay

EdU cell proliferation kit was purchased from Millipore (Danvers,
MA, USA). Pretreatment with Mar-M, the cells were incubated
16 h at 37 °C in complete media supplemented with 10 pmol/L
EdU. After washing in PBS, the cells were fixed and per-
meabilized. Reaction cocktail and DAPI (Beyotime) were then
added. The fluorescence change of cells was detected with flow
cytometry or microscope.

2.6.  Western blot analysis

After treatment with Mar-M as indicated, PC3/Doc cells were
washed with ice-cold PBS, lysed in RIPA lysis buffer containing
fresh protease and phosphates inhibitor mixture (50 mg/mL apro-
tinin, 0.5 mmol/L phenylmethanesulfonyl fluoride, 1 mmol/L
sodium orthovanadate, 10 mmol/L sodium fluoride and 10 mmol/L
B-glycerolphosphate). Cell lysates were then prepared for Western
blotting. Protein concentrations were quantified by BCA protein
assay (Beyotime). Western blotting was performed as described
previously. The blots were incubated with primary antibodies
against P16, P21, P27, cyclin A, cyclin B, TFEB, TFE3, P65, p-P65,
v-H2AX (Cell Signaling Technology) overnight at 4 °C respec-
tively, prior to probed with appropriate peroxides-conjugated sec-
ondary antibodies. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
Histone H3 (H3, Cell Signaling Technology) served as an internal
control.

2.7.  Cell viability assay

The 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bro-
mide (MTT, Beyotime) assay was used to test cell viability. Cells
were grown in 96-well plates at a density of 2 x 10° cells/well.
After 18 h, they were cultured with fresh or conditioned media.
After 24 h pretreatment, cells were incubated with 100 pL MTT
for 4 h. The formazan salt that formed was solubilized by adding
100 pL. DMSO and its amount were determined by measuring
optical density at 570 nm using a plate reader (Bio-Rad, Hercules,
CA, USA).

2.8.  Real-time quantitative PCR

Cells were seeded into 6-well plates and received treatments as
indicated. Total RNAs was extracted using an RNAiso plus kit
(TaKaRa, Japan). Complementary DNA was synthesized through
reverse transcription using ReverTra Ace qPCR RT Kit
(TOYOBO, Japan). Quantitative PCR analysis of cDNA was
performed with SYBR Green reaction master mix on a real-time
PCR system (Eppendorf International, Germany). Target mRNA
levels were normalized to the level obtained for gAPDH. Changes
in transcript level were calculated using DD~ ' method. The

primers used in this experiment were listed in Supporting Infor-
mation Table S1.

2.9.  RNA interference

PC3/Doc cells were transiently transfected with P21 siRNA
(described previously), P27 siRNA (described previously) using
lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. After transfected for 48 h, cells were exposed to Mar-
M for additional 72 h. Cells were stained with senescence
(3-galactosidase staining kit.

2.10.  Detection of intracellular ROS

PC3/Doc were treated with Mar-M for 24 h, and then incubated
with DCFH-DA (Beyotime) for 30 min. After washed twice with
PBS, the cells were detected with flow cytometry. The hydro-
peroxide was used as positive control.

2.11.  Analysis of antitumor efficiency and toxicity of Mar-M
in vivo

Male BALB/c-nude mice and C57BL/6 mice (6-week old) were
obtained from Animal Center of China Academy of Medical
Sciences (Beijing, China). Human PCa PC3 cells and murine PCa
RM1 were injected into the right flanks of the mice and allowed to
establish tumors. When the tumors reached ~5 mm?>, the mice
were given docetaxel at 5 mg/kg by intraperitoneal injections
every 2 days for 5 times. After stopped for one week, the mice
were then given docetaxel for another 5 times. The tumor samples
were disrupted with sterile blades to give a cell suspension with
media. By cultivating and detecting, the resistant capability of
PC3/Doc and RM1/Doc cells were confirmed by MTT. The
resistant cells were then infected with luciferase virus (HANBI,
Shanghai, China) to obtain PC3/Doc-Luc and RMI1/Doc-Luc
cells.

PC3/Doc-Luc cells were routinely injected into the left flank of
the mice and allowed to develop tumors. After the tumors reached
~5 mm®, animals were randomly assigned to different groups
(n = 6) and treated with 16 mg/kg Mar-M [Mar-M(H) group],
8 mg/kg Mar-M [Mar-M(L) group], 4 mg/kg Doxo (Doxo group),
or combination of 4 mg/kg Mar-M plus 2 mg/kg Doxo (Mar-
M-+Doxo group). The injections were performed every 2 days for
2 weeks. The tumor volume and animal weight were measured
and recorded. Tumor sizes were visualized on an IVIS Imaging
System (Caliper life Sciences, Alameda, CA, USA). Living Image
3.1.0 software (Caliper Life Science) was used to calculate the
photometry of the tumor. The volume (mm®) was calculated from
Eq. (1):

Volume = 0.5 x L x W? (1)

where L represents length and W represents width. All animal
experiments were approved by Ethics Committee of Shandong
University School of Medicine (Jinan, China).

2.12.  Detection of effect of SASP induced by Mar-M on tumor
growth in vivo

The RM1/Doc cells (1 x 10%) in 0.1 mL of physiological saline
were injected into the right flank of the mice and allowed to
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establish RM1/Doc homograft. Tumor-bearing mice were
randomly assigned to control and administration groups (n = 13
for each group). After 10-day treatment with either Mar-M or
Doxo, the animals were randomly divided into two groups for
different analysis. One group was designed to examine the para-
crine effect of SASP, which were secreted from tumors pretreated
with chemicals, the mice (n = 6) were randomly chosen to
introduce RMI1/Doc-luciferase (RM1/Doc-Luc) cells into the
other side of individual mouse by subcutaneous injection. At the
end of the experiment, the whole blood was collected from mice
for cytokine analysis, and all tumors were resected for immuno-
histochemistry and SA-@-gal staining. The other mice (n = 7 for
each group) were maintained for survival analysis.

2.13.  Statistical analysis

Western blotting and fluorescent images were analyzed on Image
Pro Plus (v6.0, Media Cybernetics, Carlsbad, CA, USA). The data
are presented as the mean £ SD and analyzed with GraphPad
Prism software (GraphPad, La Jolla, CA, USA). Student’s ¢-test or
one-way ANOVA analysis was used for comparison among
different groups. Kaplan—Meier and Cox proportional hazards
analyses were used for survival analysis. All the experiments have
been repeated at least three times. Values of P < 0.05 was
considered to be statistically significant, indicated as “P < 0.05,

P < 0.01, and “"P < 0.001 in the figures.

3. Results

3.1.  Mar-M induces senescence in drug-resistant cells, but not
in normal fibroblast cells

Screening assays have identified several candidate bisbibenzyls as
potential anti-inflammatory and antitumor agents”"s. As shown
in Fig. 1A, we initially confirmed an effect of Mar-M on IL-6
secretion in PCa multi-drug resistant PC3/Doc cells where pro-
inflammatory  factors including IL-6 were significantly
increased'”. To test a possible action of the bisbibenzyls on SASP,
the senescence induction was examined in cells exposed to Mar-
M. After treatment of cells with Mar-M (1 pmol/L) for 1 or 5
days, PC3/Doc cells became enlarged and flattened, and showed
increased activity of SA-B-gal, while most of the parent PC3 cells
were SA-(-gal negative and remained unchangeable in
morphology (Fig. 1B). Doxo (0.3 umol/L) was included as a
positive control to display senescence induction'. Cell viability
measurements indicated that resistant PC3/Doc cells were more
sensitive to Mar-M, but not to Doc and Doxo, as compared with
the paired PC3 cells (Supporting Information Figs. SIA and B).
Senescence-associated parameters were also observed in other
drug-resistant cells, such as murine PCa RM1 and drug-resistant
RM1/Doc cells (induced from C57BL/6 murine prostate tumor),
lung cancer H460/Tax cells (taxol-induced), esophageal cancer
EC109/CDDP cells (cisplatin-induced) (Supporting Information
Fig. S1C). EdU incorporation assays showed that Mar-M signifi-
cantly suppressed cell proliferation in PC3/Doc cells (Fig. 1C).
The cell cycle analysis indicated that Mar-M caused accumulation
of cells in the S phase (Fig. 1D), accompanied by reduced cyclin
A and cyclin B (Fig. 1E). The time-dependent induction of
P21°""" and P27%™, cell cycle inhibitors associated with senes-
cence, was also evident in Mar-M-treated cells, whereas P16™ <42
almost remained unchanged (Fig. 1E). Also, Mar-M did not affect

Rb activity (phosphor-Rb) and Rb expression (total Rb)
(Fig. S1D). Therefore, the P16INK4a/Rb signal might not be
critical in Mar-M-induced senescence. The P21 induction was
P53-independent because PC3 cells are P53 null. Knockdown of
p21¢P ', but not P27% noticeably alleviated senescence induced
by Mar-M, as evidenced by the reduction of positive SA-8-gal
cells (Fig. 1F), indicating that accumulation of P21™! was
required for inhibition of cell proliferation and senescence in
response to Mar-M.

Whether Mar-M has a similar effect on non-neoplastic cells
was next determined, including non-neoplastic prostate epithelial
cells (RWPE1) and human normal fibroblast cells (NHF). The
results in Fig. 1G indicated that, in contrast to Doxo, Mar-M had
little effect on senescence induction in RWPE1 cells. More
importantly, Mar-M (concentrations range from 0.6 pmol/L to
20 pmol/L) had no inhibition on NHF cell proliferation. In fact
this treatment to some extent, increased cell proliferation as evi-
denced by cell viability and EdU incorporation (Fig. IH—J). Thus,
Mar-M selectively induced drug-resistant cellular senescence that
was largely dependent on P21°"! regardless of P53 status, yet
produced a protective effect against the development of senes-
cence in normal cells.

3.2.  Mar-M-mediated proteasome inhibition is important for
senescence induction

Since Mar-M arrested cells in S phase, and activation of the DNA
damage is a major mechanism that elicits senescence™®, we
analyzed the changes in phosphorylated histone variant H2AX (-
H2AX), a mark of DNA damage. As shown in Fig. 2A, an
increased y-H2AX was noted in cells after 1-day treatment with
Mar-M, with significant enhancement following 5 days exposure.
However, we did not observe changes in reactive oxygen species
(ROS) after treatment with Mar-M (Fig. 2B), though oxidative
stress is the main cause to induce senescence in response to
chemicals'?. To gain insight into potential mechanisms required
for regulation of Mar-M induced senescence, proteasome activity
was measured to determine the involvement in Mar-M-induced
senescence. This was investigated because Mar-M was shown to
exert antitumor activity by inhibition of proteasome activity'’. As
shown in Fig. 2C, both chymotrypsin-like (CT-like) and pepti-
dylglutamyl hydrolyzing (PGPH) activities were significantly
decreased in a time-dependent manner upon Mar-M treatment,
while trypsin-like activity remained unchanged. MG132, an in-
hibitor of proteasome, served as a positive control. To validate the
role of the proteasome activity in Mar-M induced senescence,
ectopic expression of 85 and (7, two major subunits of protea-
some, resulted in enhanced proteasome activity, and restored CT-
like and PGPH activity that was decreased by Mar-M (Fig. 2D).
The enhancement of proteasome activity was associated with
increased cell proliferation in response to Mar-M (Fig. 2E and F).
Also, induction of y-H2AX by Mar-M was decreased in cells
expressing of 85 and 7 when compared to the Mar-M treatment
alone (Fig. 2G and H), which was associated with reversal of the
senescence phenotype induced by Mar-M (Fig. 2I). These data
indicated that senescence induction by Mar-M was ascribed to, at
least in part, proteasome inhibition.

3.3. Mar-M suppressed senescent cells expressing SASP

To determine whether Mar-M influenced the secretion of SASP
factors due to its anti-inflammatory effect, we first measured the
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Figure 1  Mar-M induces senescence in drug resistant cells, but not in normal fibroblast cells. (A) The protein level of IL-6 in the cell culture
supernatant measured using ELISA in PC3/Doc cells treatment with marchantin M (Mar-M) or doxorubicin (Doxo). (B) Detection of SA-g3-gal
activity in PC3/Doc cells and PC3 cells treated with Mar-M or Doxo for 1 and 5 days. (C) Proliferation of PC3/Doc cells treated with Mar-M was
detected using EdU and stained with DAPI (to visualize nuclei). (D) PC3/Doc cells treated with Mar-M or Doxo for 1 and 5 days. Cell cycle
analyses were performed by flow cytometry. (E) Western blot to detect the level of cell cycle proteins treated with Mar-M in PC3/Doc cells. (F)
siRNA knockdown of P21 and P27 was performed in combination with Mar-M treatment and analysed the SA-(-gal activity. Bar graphs show SA-
B-gal positive cells. (G) Detection of SA-3-gal activity in RWPEI cells treated with Mar-M or Doxo for 5 days. (H) Survival rate of PC3, NHF
treated with Mar-M. (I) EQU incorporation was monitored by flow cytometry in NHF cells treatment with Mar-M. (J) Representative fluorescent
images of EdU staining in NHF cells. Results are representative of three independent experiments. Data are mean + SD, “P < 0.05, “"P < 0.01
and “P < 0.001. Scale bar: 100 pm.
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Figure 2

Mar-M-mediated proteasome inhibition is important for senescence induction. (A) Western blot analysis the expression of y-H2AX in

PC3/Doc cells treatment with Mar-M for 1 and 5 days. (B) Flow cytometry analysis the ROS in PC3/Doc cells treatment with Mar-M or H,0,
(12 h). (C) The analysis of proteasome activity in PC3/Doc cells treated with Mar-M for 1 and 5 days, MG132 was included as a positive control
for 12 h. (D) The analysis of proteasome activity in PC3/Doc cells were transfected with 35 and 37, and treated with Mar-M. (E) Flow cytometry
of EdU incorporation assay after transfected with 85 and 67, and treated with Mar-M. (F) Representative fluorescent images of EdU staining
transfected with 85 and (7, and treated with Mar-M. Scale bar: 100 um. (G) Confocal microscopic analysis of y-H2AX in PC3/Doc cells treated
with Mar-M after transfected with 85 and 87. Scale bar: 20 um. (H) PC3/Doc cells transfected with 35 and 37 and treated with Mar-M for 5 days
and Western blot analysis the expression of y-H2AX. (I) Transfection of 35+37 was performed in combination with Mar-M treatment and
analysed the SA-(-gal activity. Scale bar: 100 pm. Results are representative of three independent experiments. Data are mean £ SD, P < 0.05,

P < 0.01 and “7P < 0.001.
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stimulation of conditioned media (CM) from senescent PC3/Doc
cells on PC3 and RWPEI cells. As shown in Fig. 3A, a rapid
increase in cell viability was noted when PC3 cells exposed to CM
form Doxo-induced senescent cells with the increased CM in the
fresh culture medium. However, CM from senescent cells treated
with Mar-M had no stimulation in PC3 cells under the same
experimental conditions (Fig. 3A). Similarly, CM from Mar-M-
treated cells had limited effect on RWPE1 cell viability, while
CM from cells exposed to Doxo exerted some promotion
(Fig. 3A). These results indicated that Mar-M attenuated the po-
tential of the secreted SASP on malignant promotion.

We therefore aimed to analyze the effect of Mar-M on major
SASP components of senescent PC3/Doc cells using antibody
arrays (Fig. 3B). As illustrated in Fig. 3C, Mar-M, to some extent,
reduced the secretion of several pro-inflammatory proteins
including IL-lwa, IL-183, IL-6, and TNF-«, associated with the
decrease in IL-8 and IL-13. However, Doxo treatment resulted in
significant elevation in IL-/«, IL-18, and IL-6 in SASP. To verify
the changes in SASP upon Mar-M treatment, we assessed the
cytokine transcription by quantitative PCR assays. Consistent with
the observations in Fig. 3C, Doxo significantly stimulated gene
expression related to inflammation, however, the corresponding
mRNA levels of IL-1«, IL-18, IL-6, IL-8, IL-13 and TNF-a were
declined in response to Mar-M (Fig. 3D). Of note, IL-10 and
INF-v remained unchanged in senescent cells following challenge
with either Mar-M or Doxo, whereas elevated /L-4 was observed
in response to both chemicals (Fig. 3D).

In addition, analysis of changes in inflammatory cytokines
(IL-1a, IL-1B, IL-6) of breast carcinoma patients upon different
therapeutic methods (chemotherapy, hormone therapy, targeted
molecular therapy, immunotherapy, ancillary therapy) in the
Cancer Genome Atlas (TCGA), we noticed that, among of ther-
apeutic options, chemotherapy (docetaxel or doxorubicin) was
prone to inducing IL-Ie, IL-18, and IL-6 (Fig. 3E). Moreover,
reduced inflammation levels, such as IL-6, somehow are beneficial
for overall survival (Fig. 3F). Taken together, Mar-M transcrip-
tionally suppressed the inflammatory gene expressions, which in
turn led to the reduced secretion of SASP.

3.4. Mar-M-triggered inactivation of TFEB and NF-kB
contributes to suppression of SASP

Multiple factors have been found to regulate SASP, including
transcription factors and some signal pathways™'”. It appears that
most SASP regulators converge on the activation of transcription
factor NF-kB and C/EBP, two transcriptional machineries that
control the expression of diverse SASP components™’. We there-
fore sought to examine whether Mar-M had an effect on the
activation of NF-«B. Indeed, the phosphorylation of NF-kB sub-
unit P65 (phosphor-P65) was reduced in senescent cells treated
with Mar-M, while total P65 almost remained unaffected

(Fig. 4A). Furthermore, less phosphor-P65 was detected in the
nucleus in Mar-M-induced senescent cells (Fig. 4B), whereas
abundant phosphor-P65 was evidenced in the cytoplasm due to
constitutive activation of NF-«kB in PC3 cells’'. Immunofluores-
cence staining supported the observations that Mar-M suppressed
the migration of P65 from cytoplasm to the nucleus (phosphor-
P65), but LPS-induced P65 translocation, served as a positive
control, was obvious (Fig. 40)*2,

In addition to NF-«B, transcription factor TFEB and TFE3
have recently emerged as modulators for IL-6 expression™. We
were prompted to examine the involvement of TFEB and TFE3
in the regulation of SASP in senescent PC3/Doc cells, because
activated TFEB and TFE3 (in the nucleus) was pronounced in
PC3/Doc cells as compared to that of PC3 cells (Fig. 4D). The
results indicated that a decreased TFEB, rather than TFE3, was
noticeable in Mar-M-treated cells (Fig. 4E). To confirm the
effect of Mar-M on the inactivation of TFEB, we examined the
active form of TFEB in the nucleus. As shown in Fig. 4F, TFEB
was markedly declined in the nucleus by Mar-M, while TFEB
was enhanced upon thapsigargin (Tg) or starvation (Sv) which
served as a positive control. In addition, Mar-M was able to
suppress the activation of TFEB induced by Tg and Sv
(Fig. 4F). Immunofluorescence analysis confirmed the reduc-
tion in TFEB nuclear translocation in Mar-M-induced senes-
cent cells (Fig. 4G). To validate the importance of TFEB in
regulation of inflammatory factors, the changes of SASP
components were examined in cells overexpressing or knock-
down of TFEB. As shown in Fig. 4H, knockdown TFEB alone
could partly abolish the SASP in PC3/Doc cells. By contrast,
ectopic expression of TFEB resulted in enhancement of IL-/ca,
IL-18, and IL-6, leading to predominant restoration of SASP
that were inhibited by Mar-M (Fig. 4I). Therefore, Mar-M
suppressed the SASP components through inactivation of
TFEB and NF-kB.

3.5.  Mar-M exerts antitumor efficacy with prolonged survival
and inhibits the paracrine effect of SASP in tumor-bearing
homograft mice

We next evaluated whether Mar-M could alleviate tumor burden
due to its ability in the induction of senescence and decrease of
SASP using RM1/Doc-Luc homograft mice. Tumor-bearing
RM1/Doc homograft mice were pretreated with Mar-M or
Doxo for 10 days, the mice (n = 6) were subsequentially
introduced RM1/Doc-luciferase (RM1/Doc-Luc) cells into the
other side of each mouse to examine the paracrine effect of
SASP released from RM1/Doc tumors. The paracrine effect of
SASP was evaluated by measuring changes of bioluminescent
luciferase in tumors arising from RM1/Doc-Luc. The fluores-
cence intensity of RM1/Doc-Luc tumors in mice that were pre-
treated with Mar-M was comparable to the control, while tumor

Figure 6

Mar-M is potently enhancing the antitumor efficacy of doxorubicin with little cytotoxicity in chemoresistant xenografts. (A) CI plot

of synergism in Mar M and doxorubicin (CI value of less than 1 denotes synergism). (B) Real-time PCR was employed to analyzed mRNA levels
of IL-1ee, IL-1f and IL-6 in cells exposed to chemicals (Mar-M, Doxo, LPS, Mar-M+Doxo and Mar-M+LPS). (C) Tumors were quantified
using bioluminescence imaging treated with Placebo (Ctrl), Mar-M(L) (8 mg/kg), Mar-M(H) (16 mg/kg), Doxo (4 mg/kg) and Mar-M plus Doxo
(4 mg/kg+2 mg/kg). Significant changes in bioluminescence intensity (Photon flux; photon/s/cm*/square root between control and experimental
mice). (D) Photographs of excised tumors from five groups are shown. (E) Weights of tumors from five groups are shown. (F) Body weight from
mice in different groups was recorded every 2 days. (G) Ki67 stains of tumors tissues. Ki67-positive rates in each group. Scatter plot shows the %
of positively stained nuclei. (H) Biochemical analysis of liver and renal function. Data are mean & SD, P < 0.05, “P < 0.01 and *""P < 0.001.

Scale bar: 100 pm.
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growth was noticeably accelerated in Doxo-pretreated mice
(Fig. 5B), indicating that SASP released from RM1/Doc tumors,
which were pretreated with Mar-M, had little paracrine effect on
RM1/Doc-Luc tumor growth. Also, positively stained Ki67 cells
in RM1/Doc-Luc tumors were significantly declined with Mar-
M treatment, but increased Ki67 positive cells were present in
tumors treated with Doxo (Fig. 5C). Analysis of typical markers
of SASP verified that Mar-M markedly inhibited the expressions
of IL-1e, IL-16, and IL-6, whereas Doxo significantly stimu-
lated the expression of these factors (Fig. 5D), in agreement
with the observations in cultured cells (Fig. 3). We then moved
to examine the effect of Mar-M on senescence induction in
RM1/Doc tumor samples. Indeed, Mar-M induced RM1/Doc
tumor senescent as evidenced by increased SA-(-gal staining
(Fig. 5E), consistent with results in cultured cells. It appeared
that Doxo exerted more potential ability on cellular senescence
induction (Fig. 5E). Also, it was noted that TFEB was reduced
in Mar-M-treated tissue samples, but not in samples treated with
Doxo (Fig. 5F). These results indicated that limited change in
RM1/Doc-Luc tumor growth might be owing to the suppressive
effect of Mar-M on SASP. Thus, transcriptional down-regulation
of the SASP components during senescence induction by Mar-
M resulted in alleviated the deleterious paracrine effect of
SASP in promoting tumor growth. We next observed that Mar-
M had no significant effect on body weight in tumor-bearing
mice compared to the placebo control, while Doxo signifi-
cantly reduced the body weight of mice (Fig. 5G). At the same
time, Mar-M significantly increased mice survival, which was
much longer than the placebo or mice treated with Doxo
(Fig. 5H). Survival over 40 days with treatment in mouse xe-
nografts generally predicts for high response and survival in
human clinical trails**. Taken together, Mar-M exerted anti-
tumor efficacy on chemoresistant mice through induction of
cancer cellular senescence, which associated with prolonged
survival and suppressed the SASP in promoting tumor
progression.

3.6.  Mar-M synergistically cooperates with doxorubicin,
resulting in enhanced antitumor efficacy with little cytotoxicity in
chemoresistant xenografts

Considering the contribution of pro-inflammatory cytokines and
SASP to chemoresistance”” , together with the effect of Mar-M
on pro-inflammatory components of SASP, we further vali-
dated the antitumor efficiency and toxicity of Mar-M and
investigated whether Mar-M might also be effective in allevi-
ating the proinflammatory response of Doxo on human chemo-
resistant PC3/Doc xenografts. The results in Fig. 6A
demonstrated that Mar-M and Doxo displayed extremely low
combinatory index (CI) value (CI value of less than 1 denotes
synergism)”®, indicating their significant synergism to inhibit
resistant cell proliferation. Analysis of the alterations in in-
flammatory cytokines revealed that Mar-M effectively reversed
the expressions of IL-I«, IL-183, and IL-6, which were upregu-
lated by either LPS or Doxo (Fig. 6B).

We next investigated the potential antitumor efficacy of this
drug combination in PC3/Doc xenografts. Cohort groups were
composed of mice randomly assigned to receive placebo, single
agents (Mar-M or Doxo), or the combination therapy (Mar-M plus
Doxo). One mouse died at day-10 and two animals failed to
complete the study in the Doxo group due to its toxicity. Endpoint
analyses displayed that, whether delivered individually or in

combination, Mar-M(L) (8 mg/kg), Mar-M(H) (16 mg/kg) and
Mar-M plus Doxo (4 mg/kg+2 mg/kg) were effectively against
tumor growth potential as evidenced by much weaker fluorescence
intensity in treated-mice than that of the control (Fig. 6C). The
tumor weights were highest in the control (1.72 £ 0.69 g),
decreased to 0.99 £ 0.53 and 0.74 £ 0.47 g in mice treated with
Mar-M(L) and Mar-M(H), respectively (Fig. 6D and E). Doxo
exerted a strong inhibition as indicated by the lowest tumor weight
(0.50 = 0.06 g) among of these treatments (Fig. 6D and E). Of
noted, the tumor, somehow, remained growth ability in mice
treated with Doxo (Fig. 6C), although Doxo potently killed cancer
cells (Fig. 6D and E). Combination therapy with Mar-M at 4 mg/
kg plus Doxo at 2 mg/kg also pronouncedly inhibited tumor
growth (1.03 £+ 0.36 g) (Fig. 6D and E), but with much less
toxicity, owing to a loss of body weight in Doxo-treated mice
significantly recovered in the presence of Mar-M (Fig. 6F).
Remarkably, the body weights remained almost unchanged in
mice receiving Mar-M alone, no matter at 8§ mg/kg or 16 mg/kg,
respectively (Fig. 6F). Also, in the presence of Mar-M, a loss of
body weight in Doxo-treated mice was significantly recovered as
shown in Fig. 6F. Proliferation index verified the inhibition of
Mar-M in tumor growth, a decrease in the Ki67 positivity
357 £ 1.6%, 155 £ 1.3%, 43 £+ 2.8% and 19.2 + 2.0% was
observed in tumor samples treated by Mar-M(L), Mar-M(H),
Doxo and Mar-M plus Doxo, respectively, compared to the control
mice (65.7 £ 1.6%) as shown in Fig. 6G. Furthermore, Mar-M had
no detectable effect on mouse liver and renal function, because no
significant changes in aspartate transaminase (AST), glutamic-
pyruvic transaminase (ALT), blood urea nitrogen (BUN), and
creatinine (CREA) were observed in tissue samples from the
treated mice (Fig. 6H). Combination treatment clearly attenuated
the increase of AST, ALT, BUN and CREA, which had been
markedly stimulated by Doxo (Fig. 6H). Therefore, Mar-M
exerted antitumor efficacy in chemoresistant mice with limited
toxicity, and acted synergistically with Doxo to inhibit tumor
growth.

4. Discussion

In this study, we discovered novel actions of bisbibenzyls as in-
hibitors of the proliferation of chemoresistant PCa by promoting
senescence and suppressing the secretion of SASP. First, Mar-M,
acting as an anti-inflammatory bisbibenzyl, induces senescence of
chemoresistant cancer cells largely independent of P53 at low
concentrations, making it possible to use low doses of this agent to
overcome the obstacle and achieve successful treatment. Second,
Mar-M significantly suppresses the expression of the components
of SASP, and substantially reduces the stimulation effects of the
SASP on either cultured cells, or nearby tumor growth in vivo.
Third, normal fibroblasts are much more resistant to Mar-M,
without detectable toxicity in homograft and xenograft-bearing
mice. Combination of Mar-M ameliorates the toxicity of Doxo,
achieving a greater efficacy in mice, which indicates that Mar-M
would be a promising drug due to its selectivity and low toxicity.
Further, our data indicate that, in addition to NF-xB, TFEB is also
important in the regulation of SASP components during senes-
cence induction by Mar-M.

Although the SASP is beneficial for tissue repair, wound
healing, and immune surveillance, increasing lines of evidence
suggest that the SASP can also be deleterious and is responsible
for the onset of age-related diseases, particularly cancer



Marchantin M suppresses pro-inflammatory SASP

935

resistance, relapse and metastasis”>’. For example, senescent cells
accumulate after genotoxic anticancer therapeutics, and the
secretion of SASP may cause or contribute to the drug resistance
and cancer recurrence that frequently follow such therapies®’. One
strategy has proposed specific blockade of SASP components by
targeting their upstream regulators and effectors®. Several tran-
scription factors and signaling pathways and extensive crosstalk
among them are involved in controlling diverse SASP factors
at the transcription level, or protein level, including NF-«B and
C/EBP-8, as well as PI3K—AKT—mTOR, p38MAPK, TGF-g,
cGAS—STING'’.

Targeting these individual critical molecules can result in
substantial attenuation or abrogation of the SASP. To this end,
many efforts have been made to discover various agents,
including small-molecule compounds and antibodies, to effec-
tively block the SASP. For example, given the regulatory effects
of mTOR on SASP, mTOR inhibitors, such as rapamycin and its
analogs, were selected to suppress the SASP by reducing the
expression of membrane-bound IL-1«, which provides a poten-
tial basis for developing small molecules to reduce the detri-
mental consequences of genotoxic therapies’®. Metformin, a
clinically approved drug for diabetes, blocks NF-«B translocation
to the nucleus, thereby reducing its transcriptional activity on
SASP?. Therefore, current efforts are largely invested in the
discovery of active agents targeting the SASP and clearing se-
nescent cells.

Our study identified Mar-M as a novel naturally occurring
bisbibenzyl to induce drug-resistant cancer cellular senescence
with little toxicity, and has no influence on the proliferation of
non-neoplastic cells (RWPE1) and normal human fibroblast cells
(NHF). Importantly, our findings indicate that Mar-M might
suppress chemotherapy-driven cancer progression by its down-
regulatory effect on SASP development. It is well documented
that numerous inflammatory factors are regulated by NF-xB
signaling pathway, particularly, the IL-6 and IL-l¢, can form
positive feedback loops with NF-«B during senescence’”. In
addition to NF-«B that was inactivated by Mar-M, our data
demonstrated that the decrease in TFEB nuclear localization also
contributed to the reduced inflammatory factors in Mar-M-
mediated senescence induction. TFEB is a recently identified
transcription factor that controls lysosomal biogenesis and auto-
phagy®'. We found that TFEB and TFE3 were significantly acti-
vated in PCa cells after treatment with docetaxel. However, the
enhancement of TFEB in resistant cells was blocked upon Mar-M
treatment via the alteration of its nucleus translocation. We also
examined the regulatory effect of several clinically used agents,
such as docetaxel, Doxo on TFEB and TFE3. It appears that all
drugs exert either stimulation or have limited impact on TFEB
(data not shown), except Mar-M that inhibits TFEB activation,
implicating a unique intervention of Mar-M on TFEB. How Mar-
M regulates TFEB, as well as NF-kB, requires further
investigation.

In summary, our findings identify suppression of the SASP
components as a novel mechanism by which bisbibenzyl Mar-M
induces cancer cellular senescence with little toxicity, and might
prevent cancer relapse. Understanding how the SASP is controlled
by Mar-M could provide an approach to overcome
chemoresistance.
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