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1 | BACKGROUND

Abstract

Although enormous achievements have been made in targeted molecular therapies
against hepatocellular carcinoma (HCC), the treatments can only prolong the life of
patients with extrahepatic metastases. We evaluated thymoquinone (TQ), a com-
pound from Nigella sativa Linn., for its anti-cancer effect on SK-Hep1 cells and HCC-
xenograft nude mice. TQ effectively triggered cell death  and activated p38 and
extracellular signal-regulated kinases (Erk) pathways up to 24 h after treatment in
cells. TQ-induced cell death was reversed by p38 inhibitor; however, it was enhanced
by si-Erk. The caspase3 activation and TUNEL assay revealed a stronger toxic effect
upon co-treatment with TQ and si-Erk. Our study suggested that phosphorylation of
p38 in SK-Hep1 cells constituted the major factor leading to cell apoptosis, whereas
phosphorylation of Erk led to drug resistance. Furthermore, TQ therapeutic effect
was improved upon Erk inhibition in HCC-xenograft nude mice. TQ could present

excellent anti-HCC potential under suitable p-Erk inhibiting conditions.
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comprise the available treatment options for advanced stages; never-
theless, the patients remain prone to HCC recurrence with a 5-year

Hepatocellular carcinoma (HCC) is a common type of cancer, and one
of the leading causes of cancer-related mortality worldwide.>?
Although early stage patients with HCC usually feel asymptomatic,
they have a risk of recurrence after surgery.® However, there is yet no

curative therapy for advanced HCC. Resection and transplantation
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survival rate below 20%.*°

Numerous compounds with antitumor effects are considered to
have potential application in the treatment of HCC.®~® However, the
latter is difficult to cure and a large proportion of these compounds
can only extend the life of patients by several months. This could be
attributed to the fact that the physiological response of HCC is usu-
ally caused by multiple pathways occurring either simultaneously or
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randomly. Moreover, normal liver tissue around HCC may also metab-
olize these drugs to reduce their toxicity toward HCC.

A characteristic of effective drugs in clinical HCC treatments is
multiple target inhibition, such as shown by sorafenib.° Sorafenib is a
Ras-Raf-Erk signaling pathway inhibitor that is usually combined with
other drugs in HCC clinical trials, such as the EGFR tyrosine kinase
inhibitor gefitinib, or MEK inhibitor trametinib.11:1?

Thymoquinone (TQ) is a compound extracted from Black Seed
(Nigella sativa Linn.), which is reported to have an anti-tumor effect.®
TQ has also been reported to induce tumor cell apoptosis by cell cycle
check point p53 through p38-MAPK signaling pathway activation.'*
Recently, TQ was reported to inhibit the proliferation of HCC as well.*

However, our preliminary results revealed that TQ treatment trig-
gers the apoptotic pathway induced by p-p38 MAPK and simulta-
neously leads to the upregulation of Erk phosphorylation.
Phosphorylated Erk or JNK has been reported to inhibit apoptosis and
produce drug resistance in tumor cells by maintaining the BCL-2
and Bad binding.'® Therefore, the aim of this study was to determine
whether Erk pathway activation is involved in the regulation of TQ-

induced apoptosis in human HCC.

2 | METHODS

21 | Chemicals and reagents

TQ (Catalog no. 274 666) and anisomycin were purchased from Sigma
Aldrich, St Louis, MO. U0126 and SB203580 were purchased from
Promega, Madison, WI.

2.2 | Animal survival curve

A total of 120 BALB/c-nu male mice (25.0 + 0.4 g) were purchased from
the Experimental Animal Center of Southern Medical University
(Guangdong, China), and the experimental protocol was approved by the
Institutional Animal Care and Use Committee of Guangzhou Medical
University (2019-740). In this study, all mice were housed in standard
conditions with 25°C temperature, 60% humidity, and a 12-h light/dark
cycle. All mice were fed normal diet (Laboratory Rodent Diet 5001) and
administered water ad libitum. Before the experiment was initiated, SK-
Hep1 cells (1 x 10° cells in 0.5 ml of 50% Matrigel-Dulbecco's modified
Eagle medium (DMEM) (Gibco BRL, Gaithersburg, MD) were xeno-
grafted into the back skin of each mouse. After 4 weeks, the diameter of
each tumor on the mouse back was measured and only those mice with
a tumor diameter larger than 3 mm were considered for the next step;
the remainder with no or tiny tumors were considered to have failed the
xenograft. After 40 days of tumor xenograft, 80 mice were randomized
into four groups (n = 20 each). Group 1 was designated as the control
group; the mice in this group were treated with normal saline (1 ml/kg/
day) through intraperitoneal-injection (IP-injection). Group 2 was desig-
nated as the Erk-inhibition group; mice in this group were treated with

U0126-normal saline (10 mg/kg/day) through IP-injection. Group 3 was

designated as the TQ treatment-only group; mice in this group were
treated with TQ-normal saline solution (50 mg/kg/day) through IP-injec-
tion. Group 4 was designated as the TQ treatment combined with Erk-
inhibition group; mice in this group were treated with TQ-normal saline
solution (50 mg/kg/day) and U0126-normal saline (10 mg/kg/day)
though IP-injection. The largest tumor diameter in Group 1 was 22 mm
and did not disturb the general behaviors of the mice. The mouse sur-
vival curve was evaluated until the number of mice in one group became
zero; animals in other groups were sacrificed using CO, at the end of
survival curve evaluation. In the study, animals meeting the criteria of
humane endpoint were subjected to euthanasia. We considered that the
humane endpoint had been reached when animals exhibited the follow-
ing conditions: losing over 25% body weight, weakness, moribund
appearance, and tumor size over 20-mm diameter. Before animals were
euthanized, half of the mice in both Group 1 and Group 2 presented
with tumors greater than 20-mm diameter. Mice in Group 3 and Group
4 with TQ treatment presented with the largest tumors, 10-mm diame-
ter. For CO, euthanasia, the flow rate was set to displace 30% cage vol-
ume/min. Upon occurrence of animal cardiac and respiratory arrest, CO,
flow was maintained for 1 min, after which death was confirmed by

physical examination.

2.3 | Cell culture

The SK-Hepl (TCHu109), Hep G2 (TCHu72), and Hep3B (SCSP-
5045) liver cancer cell lines used in this study were purchased from
SGST (Shanghai, China) and cultured in DMEM with 10% vol/vol fetal
bovine serum. Cells were maintained in a culture dish at

1 x 10° cells/cm? and the culture medium was changed every 48 h.

24 | MTT assay

Cell viability and proliferation were evaluated using MTT assay. In this
study, SK-Hep1, HepG2, and Hep3B cells were seeded in wells and
allowed to adhere for 4 h, following which the original culture medium
was replaced by medium containing O, 5, 10, 15, and 25 uM TQ, and
cells were further cultured for 24 h. MTT (Sigma Aldrich, St Louis,
MO) was applied to these cells. After 4 h, the tetrazolium compound
(MTT) was bio-reduced by cells into a colored formazan product. The
formazan product was dissolved in DMSO and its absorbance mea-
sured at 490 nm. The concentration ranged from O to 200 uM of TQ
treatments in each cell line was previously evaluated and the ICsq was
further determinate by linear calibration equation from the cell viabil-
ities of the O, 5, 10, 15, and 25 pM TQ treatments for 24 h in each cell
line. The linear calibration equation in SK-Hep1 is Y = 123.67-16.857
[X + 1]; (Y = viability of cells in percentage; X = folds of 5 uM TQ).
The linear calibration equation in HepG2is Y = 118.27-9.171[X + 1];
(Y = viability of cells in percentage; X = folds of 5 M TQ). The linear
calibration equation in Hep3B is Y = 109.07-11.114[X + 1];
(Y = viability of cells in percentage; X = folds of 5 uM TQ). ICs is cal-
culated by five times X, when Y = 50.
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2.5 | Inhibition and silencing assay

SK-Hep1 cells were treated with TQ and different inhibitors includ-
ing SB203580 (p38 MAP kinase inhibitor) and U0126 (Erk inhibitor).
Erk expression of SK-Hepl cells was silenced by using si-Erk (sc-
29 307; Santa Cruz Biotechnology, Dallas, TX) and negative control
siRNA (4 390 843; Thermo Fisher Scientific, Shanghai, China). The
siRNA was dissolved in RNase-free solution and transfected into the
cells using transfection reagent (sc-29 528; Santa Cruz Biotechnol-
ogy). After 36-h culture, Erk expression was silenced in SK-Hep1l
cells.

2.6 | Protein analysis

All cell-pellet samples were collected by centrifugation and lysed in a
protein extraction solution (PRO-PREP, iNtRON Biotechnology, Inc.,
Korea) at 4°C. Supernatants containing proteins were obtained after
centrifugation at 12000g for 30 min. The protein samples were ana-
lyzed by western blot assay, after separation by SDS gel electropho-
resis and their transfer to PVDF membrane. After blocking in
blocking buffer (5% skim milk, 20 mM Tris-HCI, 150 mM NacCl, and
0.1% Tween-20) the PVDF membranes with target proteins were
hybridized with specific primary antibodies purchased from Cell Sig-
naling Technology, Inc. (Danvers, MA) including against Erk (#4695),
p-Erk (#4370), p38 (#8690), p-p38 (#4511), Bad (#9239), p-Bad
(#5284), 14-3-3 (#9636), cleaved caspase-3 (# 9664), and GAPDH
(#5174) at 4 °C overnight. After soaking in anti-rabbit IgG HRP-
linked antibody (#7074) for 30 min, the blots were visualized by
HRP Substrate, ECL
(p90719, Millipore Corporation, Billerica, MA) and the image data

Immobilon Western Chemiluminescent

captured for further analysis.

2.7 | 4,6-diamidino-2-phenylindole and
deoxynucleotidyl transferase dUTP-mediated nick-end
labeling (TUNEL) staining

For TUNEL assay, the cells were fixed and permeablized with 0.1%
Triton X-100 (in PBS) for 10 min and washed twice with PBS. The
TUNEL reagent (In Situ Cell Death Detection Kit, POD, Roche Diag-
nostics GmbH, Mannheim, Germany) was applied to the fixed cells for
60 min at 37°C. 4,6-diamidino-2-phenylindole (DAPI) (0.1 pg/ml) was
added to the cells for 5 min, causing the nucleus to fluoresce blue light
at 454 nm. TUNEL-positive nuclei (fragmented DNA) fluoresced
bright green light at 460 nm. Photomicrographs were obtained using
Zeiss Axiophot microscopes (Oberkochen, Germany).

2.8 | Statistical analysis

Results are presented as the means + SD of at least three independent

replications. Statistical analysis was performed using one-way ANOVA

and the Tukey's test, and two-way ANOVA and the Bonferroni test
for Figure 3(C),(D) Differences were considered significant for p < .05.
Mouse survival curves were analyzed using Kaplan-Meier analysis
followed by the log-rank test (***p < .001).

3 | RESULTS
3.1 | TQ treatment inhibits liver cancer cell
viability and regulates p38 and Erk activation

SK-Hep1, Hep G2, and Hep 3B cell viabilities were evaluated by
MTT assay after treatment with various TQ concentrations (0, 5,
10, 15, 20, and 25 uM) for 24 h (Figure 1(A)). The inhibitory ICsq of
TQ in each cell line, SK-Hep1, Hep G2, and Hep 3B, was found to
be 17, >25, and 22 uM, respectively. MAPK activation was observed
for both p-p38 and p-Erk in a dose-dependent manner based on the
various TQ concentration treatments in SK-Hep1 cells (Figure 1

(B)-(D)).

3.2 | Time-course evaluation of p38 and Erk
activation regulated by TQ treatment

Regulation of p38 and Erk activation by TQ treatment in SK-Hepl
cells was evaluated using p38 and Erk phosphorylation. Both p-p38
and p-Erk expression levels were increased within 0.5 h following
15 pM TQ treatment and the expression level was retained up to 24 h
thereafter (Figure 2). The p-p38 and p-Erk expression levels were fur-
ther increased following 0.5 h of 15 pM TQ co-treatment with 10 pM
anisomycin compared to that obtained with 15 pM TQ treatment
alone. SK-Hep1 cell viability after 24 h was reduced to a greater
degree upon 15 pM TQ co-treatment with 10 pM anisomycin com-
pared to that with 15 pM TQ treatment only.

3.3 | Time-course evaluation of p38 and Erk
activation following 1-h TQ treatment

Both p38 and Erk were activated in SK-Hep1l cells after 1-h TQ
(15 pM) treatment, following which the medium was refreshed to cul-
ture medium (Figure 3). Phosphorylated-p38 expression was reduced
at 6 h after 1-h TQ exposure and significantly reduced 12 h after 1-h
TQ exposure. However, Erk remained activated up to 24 h (which was

the end of the experiment) following 1-h TQ exposure.

3.4 | Inhibition of p38 activation decreases the
anti-tumor effect of TQ in SK-Hep1 cells

SK-Hep1 cells were pretreated with 5 uM SB203580 (p38 inhibi-
tor) for 1 h prior to treatment with 15 pM TQ. Following 0.5-h TQ
treatment, the protein samples of SK-Hep1 cells were collected
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FIGURE 1

TQ treatment effect in liver cancer cell lines and related protein expression in SK-Hep1 cells. (A) SK-Hep1, Hep G2, and Hep3B

cell viabilities after 24-h TQ (0, 5, 10, 15, 20, and 25 uM) treatments. (B) Related p38 and Erk protein expression after 24-h TQ (0, 5, 10, and
15 pM) treatments in SK-Hep1 cells. (C) p-p38/p38 protein expression ratio after 24-h TQ (0, 5, 10, and 15 uM) treatments in SK-Hep1 cells.
(D) p-Erk/Erk protein expression ratio after 24-h TQ (0, 5, 10, and 15 uM) treatments in SK-Hep1 cells (***p < .001). TQ, thymoquinone

and analyzed. Protein analysis results showed p-p38 expression to
have increased following TQ treatment whereas it was inhibited
by SB203580 pretreatment (Figure 4(A)-(C)). After 24-h TQ treat-
ment, SK-Hep1l cell viability was evaluated by MTT assay. It
decreased in the TQ treatment-only group (Figure 4(D)) but
showed no difference across control, SB203580-treatment, and
SB203580 and TQ-co-treatment groups.

3.5 | |Inhibition of Erk activation shows no effect
on the anti-tumor properties of TQ in SK-Hep1 cells

SK-Hep1 cells were pretreated with 10 pM U0126 (Erk inhibi-
tor) for 1 h, followed by treatment with 15 uM TQ. After 0.5-h
TQ treatment, protein samples of SK-Hep1 cells were collected
and analyzed. Expression of p-Erk increased following TQ treat-
ment, whereas it was inhibited by U0126 pretreatment
(Figure 5(A)-(C)). After 24-h TQ treatment, SK-Hep1 cell viabil-
ity was evaluated by MTT assay. Viability decreased in the TQ-
treatment and U0126-TQ-co-treatment groups (Figure 5(D)), but
it showed no difference between control and U0126 treatment-

only groups.

3.6 | Silencing of Erk expression in SK-Hep1 cells
enhances SK-Hep1 cell apoptosis following TQ
treatment

Erk expression in SK-Hep1 cells was silenced after 10 uM si-Erk pre-
treatment for 48 h; moreover, the original higher p-Erk expression in
the TQ treatment group was also reduced following si-Erk pre-
treatment (Figure 6(A)-(C)). For the same treatments, 14-3-3 protein
expression levels did not significantly differ in each group (Figure 6
(D)). p-Bad expression was reduced in both TQ-only-treatment and si-
Erk-combined-TQ-co-treatment groups (Figure 6(E)). In addition, the
cleaved caspase 3 expression level increased in the TQ-only group
and was further enhanced in the si-Erk-combined-TQ co-treatment
group (Figure 6(G)).

For the same treatment design, apoptosis of SK-Hep1 cells was
evaluated using the TUNEL/DAPI staining assay following 24-h TQ
treatment. The results showed SK-Hep1 cell apoptosis to be increased
in the TQ-only group and further enhanced in the si-Erk-TQ co-
treatment group (Figure 7). Moreover, nude mice subjected to SK-
Hep1l cell-xenograft showed a better survival ratio following TQ-only
treatment and further improvements were observed in TQ and U0126

co-treatment group compared to that in the control group (Figure 7(C)).
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FIGURE 2 Erk and p38 expression after different time courses of TQ (15 pM)-exposure in SK-Hep1 cells. (A) Erk and p38 protein expression
levels. (B) p-p38/p38 protein expression ratio after TQ exposure over different time courses. (C) p-Erk/Erk protein expression ratio after TQ
exposure over different time courses. (D) Erk and p38 protein expression levels upon TQ-only treatment or TQ-anisomycin (Anis) co-treatment.
(E) Cell viability of SK-Hep1 cells after 24-h TQ and anisomycin co-treatment. (***p < .001). TQ, thymoquinone
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expression levels. (C) p-p38/p38 protein expression ratio after 1-h TQ exposure over different time courses. (D) p-Erk/Erk protein expression
ratio after 1-h TQ exposure over different time courses (***p < .001). TQ, thymoquinone
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treatment. (D) SK-Hep1 cell viability after 24 h of each indicated treatment (***p < .001). TQ, thymoquinone
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4 | DISCUSSION

TQ has been reported to cause cell apoptosis in several cancer
types.t”*8 In the present study, the cell apoptosis-related ICso of TQ
in SK-Hep1 cells was found to be 17 pM, which suggest the potential
of this agent for HCC treatment (Figure 1). Similarly, TQ treatment
enhanced p38 phosphorylation in SK-Hep1 cells and caused cell apo-
ptosis, as reported in other tumor cells.*??° However, the expression

of p-Erk and p38 in SK-Hep1 cells occurred almost simultaneously fol-
lowing exposure to TQ (Figure 2). After the removal of TQ, p-Erk but
not p-p38 continued to be expressed (Figure 3). In contrast, pre-
treatment of SK-Hep1 cells with SB203580, a p38 phosphorylation
inhibitor, attenuated the toxicity of TQ to effectively induce SK-Hep1
cell apoptosis (Figure 4).

Several studies have pointed out that p-Erk expression maintains
phosphorylation of the Bad protein and enhances the binding of 14-
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3-3 protein to Bad, further reducing apoptosis.?*?? Phosphorylated Erk
is also involved in cell migration, invasion, and metastasis in prostate
cancer.2® Therefore, the continued expression of p-Erk in HCC follow-
ing TQ treatment is quite unfavorable for subsequent treatment.

U0126, a non-ATP-dependent Mek1/2 inhibitor, was also used,
and observed to effectively inhibit the phosphorylation of Erk in SK-
Hep1 cells without affecting TQ treatment results (Figure 5). In fact,
Ras-Raf-Mek1/2-Erk has a variety of compensatory pathways. It is,
therefore, necessary to combine multiple drugs simultaneously, such
as CH5126766, GDC-0623, and trametinib, to completely prevent the
phosphorylation of Erk in clinical treatment.?*

In the present study, we used si-Erk to silence the expression of
Erk and also attenuate the expression of p-Erk following TQ treat-
ment (Figure 6). Si-Erk treatment potentially enhanced the apoptosis-
inducing effect of TQ in SK-Hep1 cells (Figure 7). Thus, Erk inhibition
appeared to constitute a promising strategy to improve the TQ effects
reported that TQ can
also promote the apoptosis of lung cancer cells by increasing the

both in vitro and in vivo. Samarghandian et al.,

expression of p35 and then causing the DNA fragmentation in A549

(A)

DAPI

TUNEL

Merge

TQ 15 (M)
si-Erk 10 (uM)

(©)

-~

cm ]
uo126

5

TQ

Control TQ+U0126

cells.r” In addition, the results of Zhang et al. also pointed out that TQ
inhibited the metastasis effect on both 786-Q and ACHN renal cell
cancer cell lines by inducing autophagy via AMPK/mTOR signaling
pathway.'® However, the TQ effect was not evaluated outside of
HCC cell lines in the present study and apoptosis was not confirmed
nor examined in further detail using other approaches, which repre-
sented study limitations that should be addressed in future research.
Nevertheless, we consider that the mouse survival experiment served
to verify the therapeutic effect of this approach without obvious
adverse outcomes in vivo.

The results of the present study suggest that numerous potential
anti-hepatoma molecules may exist with discrete effects. However, p-
Erk is usually over-activated during chemical stress, resulting in drug
resistance or poor subsequent treatment. The clinical drug sorafenib is
effective against HCC under a p-Erk over-activated condition, although
a combination of multiple drugs is still required. Clinical treatment also
suggests the need for a stronger Ras-MEK1/2-Erk blocker, either single
or in combination.?*?> Notably, inhibition of Ras-Mek1/2-Erk signaling
may also lead to anti-aging intervention benefits.2%
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FIGURE 7 Analysis of SK-Hep1 cell apoptosis analysis following TQ and si-Erk treatment and the animal model. (A) Cell apoptosis evaluation
using DAPI and TUNEL staining assays. (B) The TUNEL/DAPI ratio of SK-Hep1 cells after TQ and si-Erk treatments. (C) BALB/c-nu mouse
survival curve and a representative tumor following SK-Hep1 xenograft and the indicated treatments. Survival curve analysis by Kaplan-Meier
analysis and the log rank test is shown. A statistically significant difference was observed between survival curves (p < .001). For all pairwise

multiple comparison procedures (Holm-Sidak method) the significance level =

0.05. TQ versus control, p = .00171; TQ + U0126 versus control,

p =.000193; TQ versus U0126, p = .00584; TQ + U0126 versus U0126, p = .00116; TQ versus TQ + U0126, p = .36; control versus U0126,

p =.752 (***p < .001 compared to the control group). TQ, thymoquinone
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| CONCLUSIONS

In conclusion, the rapid response of Erk phosphorylation constitutes a

drug resistance factor for many potential anti-HCC drugs. The anti-

HCC effect of TQ also presents good therapeutic potential under suit-

able p-Erk-inhibitory conditions.
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