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Abstract

Escin, a triterpene saponin isolated from horse chestnut seed, has been used to treat encephaledema, tissue swelling and chronic
venous insufficiency. Recent studies show that escin induces cell cycle arrest, tumor proliferation inhibition and tumor cell apoptosis.
But the relationship between escin-induced DNA damage and cell apoptosis in tumor cells remains unclear. In this study, we
investigated whether and how escin-induced DNA damage contributed to escin-induced apoptosis in human colorectal cancer cells.
Escin (5-80 ug/mL) dose-dependently inhibited the cell viability and colony formation in HCT116 and HCT8 cells. Escin treatment
induced DNA damage, leading to p-ATM and yH2AX upregulation. Meanwhile, escin treatment increased the expression of p62, an
adaptor protein, which played a crucial role in controlling cell survival and tumorigenesis, and had a protective effect against escin-
induced DNA damage: knockdown of p62 apparently enhanced escin-induced DNA damage, whereas overexpression of p62 reduced
escin-induced DNA damage. In addition, escin treatment induced concentration- and time-dependent apoptosis. Similarly, knockdown
of p62 significantly increased escin-induced apoptosis in vitro and produced an escin-like antitumor effect in vivo. Overexpression of
p62 decreased the rate of apoptosis. Further studies revealed that the functions of p62 in escin-induced DNA damage were associated
with escin-induced apoptosis, and p62 knockdown combined with the ATM inhibitor KU55933 augmented escin-induced DNA damage

and further increased escin-induced apoptosis. In conclusion, our results demonstrate that p62 regulates ATM/yH2AX pathway-

mediated escin-induced DNA damage and apoptosis.
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Introduction

Colorectal cancer (CRC), one of the most common malignant
tumors of the digestive tract!”, was the third most common
cancer and third leading cause of cancer death in the United
States in 20147, Surgery and combination therapy including
surgery, chemotherapy and radiotherapy are important treat-
ments for CRC, and chemotherapy plays a vital role in the
treatment of CRC. However, the prognosis of CRC patients
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is poor, with only a 65% five-year relative survival rate in
2013, Multidrug resistance (MDR), an important contributor
to the insensitivity of chemotherapy, is crucial in cancer recur-
rence and metastasis, and leads to poor patient prognosis'..
MDR is perceived to be the primary reason for chemotherapy
resistance and is caused by different structures and molecular
mechanisms, including overexpression of the ATP-binding
cassette (ABC) transporter, DNA damage and repair, mutation
of drug targets, activation of survival pathways and autoph-
agy, evasion of apoptosis, epithelial changes and the presence
of cancer stem cells®”. Hence, novel and effective chemo-
therapy strategies, including seeking the mechanisms behind
MDR and enhancing the effect of chemotherapeutic drugs, are
urgently needed for the treatment of CRC.
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Escin, a triterpene saponin isolated from horse chestnut
seed, has been applied in the treatment of encephaledema in
clinical practice, a condition caused by swelling that results
from trauma or surgery and chronic venous insufficiency™ .
Interestingly, escin has been shown to have an antineoplas-
tic effect by the induction of cell proliferation inhibition and
apoptosis in cholangiocarcinoma cells"”, rat embryo fibroblast
cells™, cervical carcinoma and breast cancer cells!'?, lung
adenocarcinoma and glioma cells", pancreatic cancer cells™"
and renal cancer cells™™. Recently, escin was found to induce
apoptosis of patient-derived glioblastoma-initiating cells (GIC)
and inhibit the stem identity of GIC'. Escin inhibits the for-
mation of nicotine-derived nitrosamine ketone (NNK)-induced
lung tumors by regulating RhoA /Rock signaling””. Further-
more, escin has a synergistic effect on cancer cells, similar to
the synergistic anti-cancer interaction of escin and gemcitabine
in pancreatic cancer that inhibits the activity of NF-xB"], and a
synergistic inhibitory effect with 5-FU in SMMC-7721 cells that
arrests the cell cycle and induces apoptosis-related proteins!'®.
However, the mechanisms of escin in inhibiting tumor prolif-
eration and its synergistic antitumor effect with chemothera-
peutic agents requires further exploration.

The adaptor protein p62, known as SQSTM1, was first iden-
tified as an autophagy adaptor. However, increasing evidence
has shown that p62 plays a crucial role in controlling cell sur-
vival and tumorigenesis®™. High expression of p62 has been
detected in many cancers, such as gastrointestinal cancer?!,
breast tumors™ *! and lung adenocarcinoma®. Additionally,
p62 promotes the proliferation of CRC cells in the absence of
autophagy activity and functions as a potent prognostic fac-
tor in colorectal tumor patients™. Furthermore, p62 has been
demonstrated to induce cisplatin resistance in human ovarian
cancer cells by binding ubiquitinated proteins for transport to
autophagic degradation™!. These results suggest the impor-
tance of p62 in cancer initiation and progression, in which
it not only operates as a signaling adaptor and substrate in
autophagy but also has an important function in DNA damage
and repair.

Our results demonstrate that escin concomitantly induces
DNA damage and upregulation of p62 in CRC cells. How-
ever, the effects of p62 on escin-induced DNA damage and
cell apoptosis are unknown. We verified that p62 plays a pro-
tective role in escin-induced DNA damage and cell apoptosis.
p62 knockdown increased escin-induced DNA damage and
cell apoptosis in vitro and the antitumor effect of escin in vivo.
Increasing DNA damage contributed to escin-induced apop-
tosis via p62 regulation of the ATM/yH2AX pathway in CRC
cells.

Materials and methods

Cell culture and drug treatment

Human CRC cell lines (HCT116 and HCT8) were obtained
from Shanghai Chinese Academy Sciences (Shanghai, China).
The cells were cultured with Dulbecco's Modified Eagle’s
Medium (DMEM; GIBCO , C11965500BT, New York, USA)
supplemented with 10% fetal bovine serum (FBS; GIBCO;
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10270-106) at 37 °C in a 5% CO, humidified atmosphere. Escin
was purchased from Shandong Luye Pharma LTD (Yantai,
Shandong, China) and dissolved in normal saline. KU-55933
(ATM Kinase Inhibitor) was purchased from Selleck (51092,
Shanghai, China) and dissolved in dimethylsulfoxide (DMSO,
DTO0163, Shanghai, China). N-Acetyl-L-cysteine (NAC) was
purchased from Sangon Biotech (A601127, Shanghai, China)
and dissolved in DMSO.

Measurement of cell viability and proliferation

The short-term effects of escin, p62 knockdown or p62 over-
expression on cell growth were detected by CCK8 (CK04-
3000T, Dojindo, Japan). Cells were seeded at a density of
3000 cells/well in 96-well plates. After a series of treatments
were applied to the cells, 10 pL of CCK8 was added to each
well, and then, the cells were incubated at 37 °C for 2 h. The
absorbance was measured at 450 nm with a microculture plate
reader (Bie Tek). The percentage of growth inhibition was
estimated by the absorbance. The long-term effects of escin on
cell growth were assessed with a clone formation assay. Cells
were cultured at a density of 200 cells per well in 6-well plates
for 36 h. Then, different concentrations of escin (5, 10 and 20
pg/mL) were added. Cells were cultured for approximately
14 d until the cells grew visible colonies. The medium was
discarded, and the colonies were stained with crystal violet
(C0121, Beyotime) for 15 min at room temperature. After care-
fully washing with double distilled water, the colonies were
counted and photographed using an iPhone.

Immunofluorescence

Cells were plated on cover glass in 24-well plates. After a
series of treatments, cells were washed with phosphate buff-
ered saline (PBS) 3 times and fixed with precooled methanol
for 20 min, followed by permeabilization with 0.2% Triton-X
100 in PBS for 15 min at 4 °C. Then, the cells were blocked
with 5% horse serum in PBS for 1 h at room temperature. The
cells were incubated with primary antibody overnight at 4 °C.
After washing the cells with 0.05% Triton-X 100 in PBS for 10
minx3 times, they were incubated with 488-conjugated don-
key anti-rabbit IgG (1:1000; Jackson ImmunoResearch Labora-
tories) for 30 min at room temperature. After 10 min of three
washes with 0.05% Triton-X 100 in PBS, the cells were incu-
bated with DAPI for 3 min; then, the cells were dehydrated
in increasing grades of ethanol and cover-slipped with Fluo-
romount Aqueous Mounting Medium (Sigma, F4680; Saint
Louis, MO, USA). The slides were analyzed with a laser scan-
ning confocal unit (Zeiss LSM 710, Carl Zeiss, Jena, Germany)

RT-PCR

Total RNA was extracted from cells by TRIzol reagent
(TaKaRa) according to the instructions and then reverse-
transcribed into cDNA with a TransScript First-Stand cDNA
Synthesis Kit (TaKaRa). Real-time quantitative PCR was
performed using SYBR Green Mastermix (TaKaRa) on a 7500
real-time PCR system (Applied Biosystems). The primer
pairs were as follows: for p62 (forward primer: 5'-TGTG-



TAGCGTCTGCGAGGGAAA-3, reverse primer: 5-AGTGTC-
CGTGTTTCACCTTCCG-3'); for pB-actin (forward primer:
5-CACCATTGGCAATGAGCGGTTC-3’, reverse primer:
5-AGGTCTTTGCGGATGTCCACGT-3").

siRNA design and transfection

To inhibit the expression of p62, p62 siRNA1/2 (1#,
5-GUGACGAGGAAUUGACAAUTT-3; 2#, 5-GGAGUCGG-
AUAACUGUUCATT-3)* and scramble siRNA (5-UUCUC-
CGAACGUGUCACGUTT-3") were obtained from GenePh-
arma Co (Shanghai, China). Cells were plated in 6-well plates
(500 000 cells/well) or 96-well plates (3000 cells/well) and
were transfected with scramble siRNA or p62 siRNAs using
Lipofectamine RNAIMAX (Invitrogen, USA) that was diluted
in Opti-MEM Reduced Serum Medium (GIBCO, 31985070).
The final concentrations of scramble siRNA and p62 siRNAs
were 60 nmol/L. After transfection with different siRNAs,
cells were cultured for 36 h. After treatment with escin for 12
h, cell viability was tested by the CCK8 assay and the expres-
sion of different proteins was detected using Western blotting.

Plasmid construction and transfection

The FLAG-p62 overexpression plasmid was kindly provided
by Prof Hai-gang REN™ (Paycho-disease and College of Phar-
maceutical Sciences, Soochow University, Suzhou, China).
Cells were plated in 6-well plates (700 000 cells/well) or
96-well plates (3000 cell/well) and transfected with the FLAG-
NC or FLAG-p62 plasmids using Lipofectamine 3000 (Invit-
rogen, USA) that was diluted in Opti-MEM Reduced Serum
Medium (GIBCO, 31985070) for 36 h. The final concentration
of the FLAG-p62 and FLAG-NC plasmids was 3 pg/mL. After
transfection with different plasmids, cells were cultured for
36 h. After treatment with escin for 12 h, cell viability was
tested by the CCKS8 assay and the expression of different pro-
teins was detected by Western blotting.

Western blot analysis and antibodies

Cell samples were lysed in a cell lysis solution that contained
protease inhibitors (Roche, 04693159001) and phosphorylase
inhibitors (Roche, 04906845001). The concentrations of cell
proteins were assessed with a BCA Protein Assay Kit (TaKaRa,
T9300A). Equal amounts of proteins were separated on Tris-
glycine SDS-polyacrylamide gels and transferred onto an NC
membrane. Membranes were blocked in 5% non-fat milk for
2 h at room temperature and then incubated with primary
antibodies against p-53BP1 (1:200, OmnimAbs, OM212889),
p-ATM (1:1000, Abcam, ab81292), ATM (1:1000, Abcam,
ab199726), p62 (1:2000, Sigma, P0067), PARP (1:1000, Cell
Signaling Technology, #9532), yH2AX (1:1000, Cell Signaling
Technology, #9718), cleaved-caspase 9 (1:1000, Cell Signal-
ing Technology, #9505), or B-actin (1:10000, Sigma, A5441)
in 1% BSA overnight at 4 °C. After washing in TBST 3 times,
membranes were incubated with the appropriate secondary
antibodies (1:10000, Odyssey LI-COR, anti-rabbit, 92632213,
anti-mouse, 92632212) at room temperature for 2 h. Immuno-
reactivity was imaged using an Odyssey Infrared Imager (Li-
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COR Biosciences, USA) and quantified using Image J software
(W S Rasband, Image J, NIH).

Flow cytometry detection of apoptosis and ROS

Cells were plated in 6-well plates. After a series of treatments,
cells were trypsinized and harvested. Then, cells were resus-
pended in 300 pL of binding buffer containing 5 pL of prop-
idium iodide (PI) and 5 puL of annexin V-FITC (Biouniquer,
BU-AP0103) at room temperature for 15 min. The samples
were analyzed by a FACScan flow cytometer (FACScan, Bec-
ton Dickson).

Cells were seeded onto 6-well plates and incubated for
24 h. Afterwards, different concentrations of escin were added
for 12 h. Then, the ROS levels were determined by incubat-
ing cells with cell culture medium containing 10 mmol/L
H2-DCFDA for 30 min at 37°C. The cells were washed twice
in PBS, trypsinized, and resuspended in PBS. The ROS con-
tent was measured with FACS (FACScan, Becton Dickinson).

Tumor growth analysis in vivo

To acquire HCT116 cells with a stable p62 knockdown, cells
were transfected with p62-shRNA (5-GTGACGAGGAATT-
GACAAT-3’; GenePharma, Shanghai, China), and the expres-
sion of green fluorescent protein (GFP) was detected by fluo-
rescence microscopy 36 h after transfection. Then, cells were
selected in medium with 4 pg/mL puromycin for 2 weeks.
The expression of p62 was detected via Western blotting,
and the cells were cultured for expansion. All experimental
procedures were conducted according to the Regulations of
Experimental Animal Administration issued by the Animal
Committee of Soochow University. Cells (3 000 000 in 250 pL
of PBS) were injected subcutaneously into the right iliac fossa
of 6-week-old female athymic nude mice (The Animal Center
of Soochow University). After approximately 6 weeks, visible
tumors had developed and escin (2 mg/kg) was intraperitone-
ally injected every day for 2 weeks. Mice were sacrificed and
the tumor tissues were removed. The weight of the tumors
was calculated. Tumor tissues were used for Western blotting
to evaluate the expression of p62.

Statistical analysis

All data were analyzed with at least three independent experi-
ments and are presented as the mean+SD. GraphPad Prism
6 (GraphPad Software, Inc, La Jolla, CA, USA) was used for
statistical analysis by using one-way ANOVA analysis.

Results

Escin inhibited proliferation of CRC cells

To verify the short-term effect of escin-induced growth inhibi-
tion of human CRC HCT116 and HCTS cells, cells were treated
with different concentrations of escin (0-100 pg/mL) for 12,
24 or 48 h, and cell viability was measured by the CCKS8 assay.
As shown in Figure 1A-B, escin inhibited the proliferation of
two CRC cell lines in a time- and concentration-dependent
manner. A long-term proliferation inhibition effect was
observed with a colony formation assay, which indicated that
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Figure 1. Escin inhibited proliferation in HCT116 and HCT8 cells. (A, B) Cells were treated with a series of concentrations of escin (0-100 ug/mL) for
12, 24 or 48 h, and cell viability was measured by the CCK8 assay. (C, D) A total of 200 cells were seeded in 6-well plates and cultivated for 12-14 d.
Colony formation was detected. (E, F) Quantitative analysis of the colony numbers of HCT116 and HCT8 cells after escin treatment. The values are the
mean+SD from three independent experiments. ““P<0.01 vs the control group.

escin significantly reduced the number of colonies (Figure 1C-
F). These results suggest that escin inhibits CRC cell prolifera-
tion.

Escin induced DNA damage and p62 upregulation

Because escin induces reactive oxygen species (ROS) gen-
eration" (Figure 2A) and ROS activates DNA damage
responses”™, we speculated that escin probably induced DNA
damage. To verify this assumption, we examined the effect
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of escin on inducing DNA damage responses. As shown in
Figure 2B-D, expression of yH2AX, which is a sensitive indi-
cator of the DNA damage response and can indicate variations
in DNA damage levels, and p-ATM were increased in a con-
centration- and time-dependent manner, while p-53BP1 was
upregulated in a concentration-dependent manner. Escin-
induced DNA damage was further confirmed by immuno-
fluorescence. Consistent with the Western blotting results,
escin robustly elevated the levels of yH2AX in nucleus (Figure
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Figure 2A-2E. Escin induced DNA damage and upregulation of p62. Cells were treated with different concentrations of escin for 12 h or treated with
60 ug/mL escin for 3, 6, 9, 12 and 24 h. (A) Escin induced ROS generation. HCT16 cells were treated with different concentrations of escin, and the
level of ROS was determined by FACS. (B, C, D) The protein levels of p-53BP1, p-ATM, ATM, yH2AX, and B-actin were detected by Western blotting. Right
and down: quantitative analysis of the optical density ratio of p-53BP1, p-ATM, yH2AX compared with the loading control (B-actin) in HCT116 and HCT8.
(E) Distribution of yH2AX in HCT116 and HCT8 cells treated as described above that were analyzed with confocal microscopy. YH2AX is stained red, and
the nucleus is stained blue. Scale bar=10 uym. Right: the number of yH2AX positive cells determined by automated fluorescent object counting was
plotted for the control, n=250. "P>0.05, "P<0.05, ""P<0.01 vs the control group.

2F). p62 regulates DNA repair and tumorigenesis™. Next,
we investigated whether p62 participated in the DNA dam-
age response in escin treated cells. The concentration-course
study showed that p62 was elevated at concentrations of 20
and 40 pg/mL escin, but returned to the control level at a

concentration of 80 pg/mL escin. Similarly, an increase of
p62 was observed to occur in a time-dependent manner in the
time-course study (Figure 2F). Furthermore, escin-induced
p62 upregulation occurred at the transcriptional level (Figure
2G) and was eliminated by NAC (Figure 2H). These results

Acta Pharmacologica Sinica
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indicate that escin induced DNA damage and upregulation of
p62 at the same time and, moreover, that the upregulation of
p62 was partly attributable to ROS.

p62 protected DNA from escin-induced DNA damage

As p62 plays an important role in DNA damage and repair
and because we concurrently found that escin induces DNA
damage and upregulation of p62, the next step was to illus-
trate the functions of p62 in escin-induced DNA damage
responses. To assess the effect of p62 in downregulation, two
different p62 siRNAs were used to mediate p62 suppression
in HCT116 and HCTS cells. Scramble siRNA was used as the
negative control. Cells were transfected with scramble siRNA,
p62 siRNA1 or p62 siRNA2 at a concentration of 60 nmol/L
for 36 h. The results showed that p62 siRNA1 and siRNA2
apparently downregulated the expression of p62 compared
with the negative control in two cell lines, as was detected
by Western blotting. There was an 85% and 81% silencing
efficiency in HCT116 and 95% and 93% silencing efficiency in
HCTS, respectively (Figure 3A-B). DNA damage related pro-
teins after p62 knockdown with or without treatment of escin
were detected by Western blotting. As shown in Figure 3C-F,
knockdown of p62 alone had no effect on p-ATM and yH2AX,
whereas knockdown of p62 by escin treatment significantly
upregulated the levels of p-ATM and yH2AX, suggesting a
protective role of p62 in escin-induced DNA damage.

To further confirm the protective role of p62 in escin-
induced DNA damage, p62 was overexpressed after trans-
fection with the p62 plasmid. Cells were transfected with
the FLAG-NC or FLAG-p62 plasmid at a concentration of 3
pg/mL for 36 h. P62 was successfully overexpressed in two
cell lines, as shown by Western blotting, with a fourteen times
overexpression efficiency in HCT116 and two-fold overexpres-
sion efficiency in HCT8 (Figure 3G-H). Overexpression of p62
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alone had no significant effect on p-ATM and yH2AX. Con-
versely, overexpression of p62 dramatically downregulated
the levels of p-ATM and yH2AX in two cell lines with escin
treatment (Figure 3I-]). These findings indicate that p62 has a
significantly protective function in escin-reduced DNA damage.

Escin induced cell apoptosis

Severe DNA damage may lead to apoptosis. Escin induced
cell DNA damage, which may have resulted in apoptosis. We
next examined the effect of escin on apoptosis via flow cytom-
etry analysis (FACS). The results demonstrated that escin
induced apoptosis in a concentration-dependent manner in
two cell lines (Figure 4A-B). We also detected the expression
of apoptosis related proteins by Western blotting. The expres-
sion levels of cleaved-poly (ADP-ribose) polymerase (c-PARP)
and cleaved-caspase 9 (c-Casp 9) were strikingly increased after
cells were treated with high concentrations of escin or were
exposed for to escin at a 60 pg/mL concentration for a long time
(Figure 4C-F). All of these results suggest that escin induced
cell apoptosis in a concentration- and time-dependent manner.

Downregulation of p62 enhanced escin-induced cell apoptosis

Escin induced p62 upregulation and induced cell apoptosis
at the same time. To verify any role of p62 in escin-induced
apoptosis, we performed a cell growth assay and apoptosis-
related experiments to examine cell viability and apoptosis.
Cell viability measured by CCK8 showed that knockdown
of p62 alone had no effect on cell viability. However, cell
viability was markedly decreased in cells with the p62 knock-
down that were treated with escin compared to cells that were
scramble siRNA transfected and received an escin treatment ,
indicating a protective role of p62 in cell survival (Figure 5A-
B). Furthermore, p62 knockdown and escin treatment greatly
increased the rate of HCT116 apoptosis compared with those
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analysis of the optical density ratio of p62 compared with B-actin is shown. (C-F) Expression of DNA damage related proteins after p62 knockdown with
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p-ATM, ATM, yH2AX, p62 and B-actin were detected by Western blotting (C and E). Quantitative analysis of the optical density ratio of p-ATM and yH2AX

compared with B-actin is shown (D and F).

treated with scramble siRNA transfection and escin (Figure
5C-D). Consistent with the results of FACS, Western blotting
showed that the levels of cleaved-PARP and cleaved-caspase 9
were higher in p62 knockdown and escin-treated cells than in
scramble siRNA transfection and escin-treated cells (Figure
5E-H). The enhancement of apoptosis in cells with p62 knock-
down and escin treatment may be attributed to the augmenta-
tion of DNA damage.

Overexpression of p62 attenuated escin-induced cell apoptosis

To further confirm the anti-apoptosis effect of p62, p62 was
overexpressed to detect cell viability and the expression of
apoptosis-related proteins. Escin apparently inhibited cell
viability, while p62 overexpression rescued the inhibition in
two cell lines (Figure 6A). Furthermore, p62 overexpression

with escin treatment dramatically decreased HCT116 apopto-
sis compared with those treated with escin alone (Figure 6B).
Consistent with the cell viability and FACS results, p62 over-
expression remarkably suppressed the expression of cleaved-
PARP and cleaved-caspase 9 (Figure 6C-D). p62 not only
protected DNA from DNA damage but also antagonized cell
apoptosis. These results indicate that p62 obviously reduced
escin-induced cell viability inhibition and apoptosis, which is
consistent with previous reports of p62 promoting tumorigen-
esis™ and multidrug resistance.

Downregulation of p62 enhanced the antitumor effect of escin in
vivo

To assess the function of p62 in the escin antitumor effect in
vivo, xenografts of HCT116 cells transfected with vector or p62
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shRNA were examined. HCT116 cells with a stably expressed cleaved-PARP, cleaved-caspase 9 and yH2AX. When all cells
vector or p62 shRNA were successfully established (Figure were incubated with escin, p62 knockdown with KU55933
7A-B). The cells were injected subcutaneously into the right significantly increased the levels of cell apoptosis proteins
iliac fossa of 6-week-old female athymic nude mice. These and decreased the level of yH2AX in comparison with p62
mice were separated into four groups after visible tumor knockdown individually, as shown in Figure 8A-B. There
development. The tumor tissues were removed, and the was upregulation of apoptosis-related proteins cleaved-PARP
weight of the tumors was calculated after escin (2 mg/kg) was and cleaved-caspase 9, and downregulation of DNA damage-
intraperitoneally injected into mice every day for 2 weeks. As related protein yH2AX in the two cell lines. Similarly, the flow
shown in Figure 7C-D, the p62 knockdown group showed a cytometry results of the HCT116 cells showed the same out-
slight inhibition of tumor growth as measured by weight in comes for apoptosis (Figure 8C-D). These results suggest that
comparison with the vector group, which indicated that p62 inhibition of DNA repair, which was induced by KU55933 and
enhanced tumor proliferation. In addition, the vector with p62 knockdown, increased escin-induced apoptosis. The pro-
escin treatment group inhibited the growth of tumors. Fur- tective functions of p62 in escin-induced DNA damage attenu-
thermore, the p62 knockdown with escin treatment group ated apoptosis by regulating the ATM/yH2AX pathway.
achieved a more pronounced inhibition of cell growth than In summary, the results of the ATM inhibitor experiment
the vector with escin treatment group, which indicated that suggested that the degree of DNA damage induced by p62
p62 knockdown enhanced the antitumor effect of escin in vivo. knockdown was involved in escin-induced apoptosis. P62
Expression of p62 in xenograft tumor tissues was detected to modulated escin-induced apoptosis by monitoring DNA
confirm the downregulation of p62 (Figure 7E). damage and repair as well as by regulating the ATM/yH2AX
pathway.
p62 regulation of the ATM/yH2AX pathway was involved in escin-
induced DNA damage and apoptosis Escin activated autophagy and inhibition of autophagy
To verify the potential molecular mechanisms by which p62 augmented escin-induced apoptosis
reduced escin-induced DNA damage and apoptosis, an ATM Escin elevated the level of ROS in Figure 2a, which is a key
specific inhibitor, KU55933, was used to illustrate the func- upstream signaling to activate autophagy. We next exam-
tion of the ATM/yH2AX pathway in this process. Scramble ined the level of cellular autophagy in response to escin. The
siRNA, p62 siRNA1 and p62 siRNA2 were transfected for results showed that escin markedly increased the level of LC3-
36 h, and then, KU55933 was applied for 2 h before escin treat- II in a concentration-dependent manner in two cell lines (Fig-
ment for 12 h. As shown in Figure 8A-B, p62 knockdown ure 9A). Next, we investigated the role of autophagy in escin-
with escin treatment increased the expression of p-ATM, induced apoptosis. Atgb siRNA was used to suppress autoph-
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compared with B-actin is shown (E, F). The values are the mean+SD from three independent experiments. "P>0.05, "P<0.05, “"P<0.01 vs the control

group.

agy in HCT116 and HCTS cells. As shown in Figure 9B, Atg5
siRNA markedly down-regulated the expression of Atg5 com-
pared with the negative control in two cell lines. Furthermore,
inhibition of autophagy with escin treatment for 12 h signifi-
cantly increased the protein levels of cleaved-PARP, cleaved-
caspase 9 and yH2AX (Figure 9C). These results suggested
that a protective role of autophagy in escin-induced apoptosis
and DNA damage. Inhibition of autophagy activity enhanced
the antitumor effect of escin.

Discussion

Chemotherapy is one of the most important treatments for
human CRC. However, chemo-resistance, including multi-
drug resistance (MDR) and insensitivity to clinical antitumor
drugs, contributes to the poor prognosis of cancer™ *.. Escin
has been reported to inhibit the growth of many cancer cell
lines™3* *1 Consistent with inhibition of tumor prolifera-
tion® and induction of cell cycle arrest!™, the same inhibitory
action of escin was found in vitro (Figure 1) and in vivo (Figure

B¢ and operates by inhib-
[38]

7). Escin is an inducer of apoptosis

iting activation of the JAK/STAT signaling pathway™". Escin

also has an anti-tumor effect that operates by inhibiting NF-«xB
phosphorylation and nuclear translocation, which affects the

B9 How-

expression of its downstream genes and proteins
ever, whether the mechanisms of escin induction of apoptosis
involved DNA damage and repair are still unclear.

Severe DNA damage activates ATM or ATR, followed
closely by phosphorylation of various downstream signaling
pathway proteins, such as CHK1, CHK2 and p53"" ", Acti-
vated ATM phosphorylates yH2AX"> ®*], which forms a focus
that recruits DNA repair proteins around the damage sitel*”.
In addition, inhibition of ATM phosphorylation increases cel-
lular sensitivity to PARP inhibitors in various cell lines .
These studies showed the relationship between DNA damage
and apoptosis.

In this study, escin was found to induce DNA damage,
as shown by the upregulation of p-ATM and yH2AX, and
increase of p62. Furthermore, expression analysis of p-ATM,
yH2AX and p62 suggested that escin-induced DNA damage
and upregulation of p62 occurred in a concentration- and
time-dependent manner (Figure 2). Severe DNA damage was
detected after p62 knockdown along with escin treatment
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(Figure 3A-F). Compared with escin treatment, we found that
severe DNA damage could be rescued in p62 overexpression
and escin treated cells (Figure 3G-]), suggesting that p62 regu-
lates escin-induced DNA damage and has a protective effect
in this model. In addition, there were no changes in DNA
damage and repair proteins in both the p62 knockdown and
overexpression models.

Recent studies have demonstrated that p62 freely shuttles
from the cytoplasm to the nucleus and that nuclear-localized
p62 increases the sensitivity of tumor cells to radiation™. In
autophagy-defective cells, accumulated p62 directly binds to
and inhibits nuclear RNF168, an E3 ligase essential for his-
tone H2A ubiquitination and DNA damage responses, which
results in the inability of DNA repair proteins, such as BRCA1,
RAPS80 and Rad51, to recruit to the sites of DNA double-
strand breaks™!. In the absence of autophagy, p62 inhibits
DNA repair and histone ubiquitinated degradation. However,
there is a contradiction in autophagy integrated cells. Surpris-
ingly, we found that escin apparently increases the autophagy
levels in HCT116 and HCT-8 cells (Figure 9A), simultaneously
upregulating the expression of p62, which may indicate that
RNF168 leads to ubiquitination of DNA repair proteins to
recruit them to the sites of DNA damage to repair the dam-
age. In addition, escin apparently increases the levels of cel-
lular ROS and autophagy (Figure 2A, Figure 9A). ROS, which

induces autophagy and is also eliminated by autophagy, may
be involved in the functions of p62 in escin-induced DNA
damage and repair. The detailed mechanisms as to how p62
induces DNA damage repair in escin-treated cells requires
further study.

PARP1 is one of the proteins that links DNA damage and
apoptosis’l. Apoptosis is induced by inhibition of PARP1
and EGFR™. We speculated that severe DNA damage, which
was induced by p62 knockdown, was related to escin-induced
apoptosis. Escin induced apoptosis (Figure 4) and p62 knock-
down augmented escin-induced apoptosis (Figure 5), and
there was an antitumor effect of escin in vivo (Figure 7). How-
ever, p62 overexpression partly rescued escin-induced cell
viability inhibition and cell apoptosis (Figure 6). P62 increased
escin-induced apoptosis by augmenting escin-induced DNA
damage. The mechanisms involved in this regulation were
further investigated. Escin-induced apoptosis was increased
when p-ATM was inhibited by KU55933 (Figure 8), suggest-
ing that activation of the ATM pathway is important in caus-
ing apoptosis. Our results showed that escin activated ROS
levels (Figure 2A), however, there is no evidence to expound
the relationship between escin-induced autophagy and apop-
tosis. Autophagy is a protective factor against DNA damage,
ROS and endoplasmic reticulum stress. In response to escin-
induced oxidative stress, intracellular autophagy level was
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Figure 7. Downregulation of p62 enhanced the antitumor effect of escin in vivo. (A) The transfection efficiency of p62 shRNA in HCT116 cells. Cells
were transfected with vector and GFP-p62-shRNA. GFP-green fluorescence was verified with fluorescence microscopy after cells were selected
in medium with 4 pug/mL puromycin for 2 weeks. (B) Expression and knockdown efficiency of p62 in control, vector transfection and p62 shRNA
transfection cells. (C) Comparison of tumor sizes from various groups (n=5). (D) Comparison of tumor weights from various groups. (E) Expression of
p62 in xenograft tumor tissues by Western blotting. "P>0.05, "P<0.05, *"P<0.01 vs the corresponding group.

increased by escin (Figure 9A). Furthermore, knockdown of
Atgb with escin treatment increased escin-induced apopto-
sis and DNA damage compared with escin treatment alone
(Figure 9B, C). These results suggested that escin-induced
autophagy played a protective role in escin-induced apoptosis
and DNA damage.

In conclusion, this study demonstrated that the signaling
adaptor p62 reduced escin-induced apoptosis in CRC cells via
p62-mediated DNA damage and the ATM/yH2AX pathway.
p62-mediated DNA damage may be a potential target for the
antitumor effect of escin.
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Figure 8A-B. p62 regulation of the ATM/yH2AX pathway was involved in escin-induced DNA damage and apoptosis. (A, B) p62 knockdown combined
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cleaved-caspase 9 compared with B-actin are shown. "P<0.05, "*P<0.01.
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Figure 9. Escin activated autophagy and inhibition of autophagy augmented escin-induced apoptosis. (A) Escin activated autophagy. HCT116 and
HCTS8 cells were treated with different concentrations of escin for 12 h, the level of autophagy was detected by Western blot. Right: the quantitative
analysis of the optical density ratio of LC3 compared with the loading control (B-actin) in HCT116 and HCT8. (B) Knockdown efficiency of Atgh in
HCT116 and HCTS8 cells. Cells were transiently transfected with scramble siRNA and Atgb siRNA for 36 h. The level of Atgb was tested by Western
blot. Right: the quantitative analysis of the optical density ratio of Atgb compared with B-actin is shown. (C) Expression of yH2AX and apoptosis related
proteins after Atgb knockdown with escin treatment. Cells were treated with 60 pg/mL escin for 12 h after scramble siRNA and Atgb siRNA transfection
for 36 h. The protein levels of yH2AX, cleaved-PARP, cleaved-caspase 9 and B-actin were detected by Western blot. Right: the quantitative analysis of
the optical density ratio of yH2AX, cleaved-PARP, cleaved-caspase 9 compared with B-actin is shown. “*P<0.01. #*P<0.01.
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