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Harmine reinforces the effects of regorafenib on suppressing
cell proliferation and inducing apoptosis in liver cancer cells
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Abstract. The overall outcomes for patients with advanced
liver cancer are far from satisfactory, and the development of
more effective therapeutic strategies for liver cancer is required.
Sulforhodamine blue and colony formation assays were
performed to detect the proliferation of liver certain cancer
cells, including HepG2 and Hep3B. Western blotting was
also preformed to detect the expression of indicated proteins,
including cleaved-caspase-3, cleaved-poly (ADP-ribose)
polymerase, dual-specificity tyrosine phosphorylation kinase
1A (DYRKI1A), PARP-1/2, GAPDH, myeloid cell leukemia-1,
phosphorylated-AKT (Ser473), caspase-3, a-tubulin and
AKT. PI staining was used to detect cell death. In the present
study, DYRKIA knockdown significantly enhanced the
anti-liver cancer effect of regorafenib in vitro. Furthermore,
DYRKIA inhibitor harmine together with regorafenib
provided synergistic anti-liver cancer activity by suppressing
cell proliferation. In addition, harmine significantly enhanced
regorafenib-induced cell death in liver cancer cells. It has been
reported that AKT signaling is activated in regorafenib-resis-
tant cancer cells and plays a crucial role in the regulation of
cellular sensitivity to regorafenib. In the present study, AKT
was activated in regorafenib-treated cells, and harmine could
suppress the activation of AKT and reinforce the anti-cancer
effects of regorafenib via regulating AKT in liver cancer cells.
These data indicated that harmine enhanced the anti-cancer
effects of regorafenib on suppressing cell proliferation and
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inducing apoptosis in liver cancer cells via regulating the
activation of AKT, and harmine plus regorafenib may be a
potential therapeutic regimen for treating patients with liver
cancer.

Introduction

Liver cancer is the sixth common cancer and the second
leading cause of death from cancer worldwide, which is
frequently diagnosed at late stage and characterized by rapid
progression (1,2). Patients with advanced liver cancer are
ineligible for surgical resection and other potentially curative
treatments (3). In addition, treatment efficacy for liver cancer is
poor, due to its resistance to conventional chemotherapy (4,5).
After decades of searching for effective therapeutic agents
for liver cancer, systemic treatment with sorafenib has
been established as the standard therapy for advanced liver
cancer (6). Furthermore, regorafenib has been demonstrated
to have a high efficacy and safety in patients who experi-
ence liver cancer progression during sorafenib treatment (7).
Regorafenib, a bi-aryl urea compound, is an antiangiogenic
and antitumorigenic agent approved for the treatment of
patients with advanced liver cancer during sorafenib therapy;
it inhibits tumor growth by targeting multiple kinases,
including vascular endothelial growth factor receptors 1-3,
platelet-derived growth factor receptor 3, c-KIT, RET, B-RAF,
fibroblast growth factor receptor 1 and serine/threonine kinase
(Raf and p38 MAPK) (8). Regorafenib has been revealed to
suppress cell proliferation, invasion and angiogenesis via the
ERK/NF-kB signaling pathway (9). However, patients with
advanced liver cancer develop resistance to regorafenib via
the activation of the AKT signaling pathway, and the overall
outcome of patients with advanced liver cancer is far from
satisfactory (10). Therefore, the development of more effective
therapeutic agents and strategies for liver cancer is required.
Harmine, a naturally occurring f-carboline, is isolated
from a medicinal herb traditionally used in the Middle East
and North Africa, known as Peganum harmala L. (11). It has a
wide range of pharmacological activities, including anti-micro-
bial, anti-fungal, anti-oxidative and anticancer activities (12).
Furthermore, harmine is an ideal drug candidate for liver
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cancer therapy, as it is selectively harmful to liver cancer
cells but has minimal side effects on normal liver cells (13).
Harmine possesses notable anticancer properties by targeting
apoptosis, autophagy, abnormal cell proliferation, angiogen-
esis and metastasis (14). Harmine displays pharmacological
activities by suppressing substrate phosphorylation in the
dual-specificity tyrosine-regulated kinase (DYRK) family, and
it exhibits the highest affinity for DYRKI1A (15). Furthermore,
combining harmine with other agents, such as Bcl-2 inhibitors
and osimertinib, has been identified as a potential approach to
overcoming resistance to chemotherapy (16,17). In the present
study, it was examined whether harmine combined with rego-
rafenib may be a potential therapeutic regimen for liver cancer
treatment.

Materials and methods

Materials. Harmine (cat. no. HY-NO737A) was purchased
from MedChemExpress and regorafenib (cat. no. A8236) was
obtained by APeXBIO Technology LLC. The primary anti-
bodies against cleaved-caspase-3 (cat. no. 96615), cleaved-poly
(ADP-ribose) polymerase (cleaved-PARP; cat. no. 9541S;
1:1,000) and DYRKI1A (cat. no. 2771S; 1:1,000) were obtained
from Cell Signaling Technology, Inc. The primary anti-
bodies against PARP-1/2 (H-250) (cat. no. sc-7150; 1:500),
anti-GAPDH antibody (FL-335) (cat. no. sc-25778; 1:500),
myeloid cell leukemia-1 (Mcl-1) (S-19) (cat. no. sc-819; 1:500),
phosphorylated (p)-AKT (1/2/3) (Ser473) (cat. no. sc-7985;
1:500) and caspase-3 (H-277) (cat. no. sc-7148; 1:500) were
purchased from Santa Cruz Biotechnology, Inc. The primary
antibody against a-tubulin (rabbit polyclonal antibody; cat.
no. AF0001; 1:1,000) was obtained from Beyotime Institute
of Biotechnology. The primary antibody against AKT (cat.
no. 610836; 1:500) was purchased from BD Biosciences.
The secondary antibodies, including DyLight™ 800 4X
PEG-conjugated anti-rabbit-IgG (cat. no. 5151) and DyLight™
800 4X PEG-conjugated anti-mouse-IgG (cat. no. 5470), were
obtained from Cell Signaling Technology, Inc.

Cell culture. All cell lines were obtained from the Shanghai
Institute of Biochemistry and Cell Biology. HepG2 cells
were maintained in DMEM (cat. no. C0006; Hangzhou
Keyi Shengwu Jishu Youxian Gongsi) with 10% FBS (cat.
no. P30-3302; PAN-Biotech GmbH) and Hep3B cells were
cultured in MEM (cat. no. C0032, Hangzhou KEYT) with 10%
FBS and 100 U/ml penicillin/streptomycin (Gibco; Thermo
Fisher Scientific, Inc.). Mycoplasma testing was performed on
these cell lines, which were then determined and authenticated
for genotypes using short tandem repeat DNA fingerprinting
and passaged for <6 months (18). Liver cancer cells were
divided into four groups: control group treated with DMSO,
harmine treated group, regorafenib treated group, harmine
plus regorafenib group.

Cytotoxicity assay. The proliferation of HepG2 and Hep3B
cells was measured using sulforhodamine blue (SRB) cytotox-
icity assay. The cells were inoculated into a 96-well plate at a
density of 8x10° cells/well. When the cell confluence reached
30%, harmine, regorafenib, harmine plus regorafenib were
added into the plates. After 72 h, cells were fixed with 10%

trichloroacetic acid for 8 h at 4°C. Next, tap water was used
to wash the 96-well plates. After the wells had dried up, 0.4%
SRB (cat. no. 230162-5G; Sigma-Aldrich; Merck KGaA) solu-
tion was used to stain the cells 30 min at room temperature.
Next, the unbound dye was removed using 1% acetic acid
washing in the 96-well plates. Tris-based solution (10 mM)
was used to solubilize the SRB dye. Finally, cell proliferation
was detected as previously described using a microplate reader
at 570 nm (19).

Detection of cell death. Cell death was detected using PI (cat.
no. ST511; Beyotime Institute of Biotechnology) followed by
flow cytometry detection as previously described (20). HepG2
and Hep3B cells were inoculated at a density of 2x10* per well
into a 96-well plate and incubated with harmine (4 M) and/or
regorafenib (1 yM or 2 uM) for 48 h at 37°C. The collected cells
were then fixed and permeabilized with 75% precooled ethanol
at 4°C for 2 h. Next, 400 ul PBS containing 50 xg/ml RNase
A (cat. no. ST579; Beyotime Institute of Biotechnology) was
used to treat cells at 37°C for 30 min. Subsequently, cells were
incubated with 5 pl PI solution for 15 min at room temperature
and analyzed using a FACSCalibur cytometer (FACSCalibur;
BD Biosciences). Finally, the sub-G1 peak was analyzed by
Cellquest Pro Software (version 6.0; BD Biosciences), and
gating was performed to keep cell death <10% in the control

group.

Colony formation assay. HepG2 and Hep3B cells were inocu-
lated into a 6-cm dish at a low cell density (6x10° cells per
dish) to evaluate the ability of cells to form colonies. Then, the
cells were incubated with 1 M harmine, 2 yM regorafenib and
harmine plus regorafenib for 14 days at 37°C. The sensitivity
of drug treatment is dependent on cell density, drug treatment
was indicated to achieve maximal anti-proliferative effect
at low cell density and retain the anti-proliferative effect at
intermediate cell density (data not shown). Thus, the concen-
trations of harmine and regorafenib used in colony formation
assay were different compared with that in apoptotic detec-
tion. Dishes were fixed with 10% paraformaldehyde solution
for 30 min at room temperature and stained with 1% crystal
violet solution for 30 min at room temperature, and colonies
containing >50 cells were counted using ImagelJ software
(National Institutes of Health; version v1.8.0). The survival
fractions were calculated according to the following equation:
Survival fractions=cell number of treated sample/cell number
of control (21).

Western blot analysis. HepG2 and Hep3B cells were incu-
bated with harmine/regorafenib for 48 h at 37°C. Cells were
incubated with lysis buffer (cat. no. PO013, Beyotime Institute
of Biotechnology) on ice for 30 min. The concentrations
of protein were determined by the BCA method using an
Enhanced BCA Protein Assay kit (cat. no. PO009; Beyotime
Institute of Biotechnology). Proteins (20 pug/lane) were
fractionated on 8-12% Tris-glycine gels, and following elec-
trophoresis, proteins were transferred to PVDF membranes.
The membranes were blocked with 5% skimmed milk for
2 h at room temperature and then washed three times with
0.1% TBS-Tween-20 (TBST), followed by incubation with
the primary antibodies (cleaved-caspase-3, cleaved-PARP,



EXPERIMENTAL AND THERAPEUTIC MEDICINE 23: 209, 2022 3

HepG2
siDYRK1A -
B

c
S
5
g
g
>
5
» 0.2 —(O— Control siRNA
" | =@ siDYRK1A
0.0 L) L) L) ) L)
0 0.5 1 2 4 8
Rego (uM)

Hep3B
- #1 #2
Hep3B

1.0

0.8

0.6

0.4 -

Survival fraction

02 —(O~— Control siRNA
" | -@— siDYRK1A
0.0 ] ) ] ) ]
0 05 1 2 4 8
Rego (uM)

Figure 1. DYRKI1A knockdown reinforces the anti-liver cancer effects of regorafenib in vitro. (A) DYRKIA was knocked down by transfecting liver cancer
cells with DYRKI1A siRNA-1,DYRK1A siRNA-2 or control siRNA for 48 h, and western blot analysis was performed to detect DYRK1A expression. (B) Liver
cancer cells were first transfected with DYRKI1A or control siRNA for 24 h, and then treated with regorafenib for 72 h. Cell proliferation was determined
using sulforhodamine blue assay. A two-tailed unpaired Student's t-test was used to determine the differences between control siRNA and DYRKI1A siRNA
groups in liver cancer cells treated with the indicated concentrations of regorafenib. "P<0.05, “P<0.01 and ““P<0.001 control siRNA vs. siDYRKI1A. Rego,
regorafenib; DYRKI1A, dual-specificity tyrosine phosphorylation-regulated kinase 1A; si, small interfering.

DYRKI1A, PARP-1/2, GAPDH, Mcl-1, p-AKT (Ser473),
caspase-3, a-tubulin and AKT) overnight. Next, membranes
were washed three times with TBST, incubated and visual-
ized with DyLight™ 800 4X PEG-conjugated anti-rabbit-IgG
(cat. no. 5151) and DyLight™ 800 4X PEG-conjugated
anti-mouse-IgG (cat. no. 5257) (1:50,000; Cell Signaling
Technology, Inc.) secondary antibodies for 2 h, washed three
times again with TBST and scanned using an imaging system
(Odyssey CLX Image Studio; version 5.0.21; LiCor Odyssey
CLx imager; LI-COR Biosciences).

RNA interference. HepG2 and Hep3B cells were seeded in
six-well plates (2x103 cells/well) and then transfected with
40 nM DYRKIA small interfering (si)RNA using jetPRIME
(Polyplus-transfection SA) at 37°C. After 24 h siRNA trans-
fection, HepG2 and Hep3B cells were collected and seeded
on 96-well plates (4x10° cells/well) at 37°C overnight. Cells
were then treated with regorafenib (0.5, 1, 2, 4 and 8 uM) for
72 h, and cell proliferation was detected using an SRB assay,
as described above. For the detection of western blotting,
after 24 h siRNA transfection, HepG2 and Hep3B cells were
collected and incubated with lysis buffer, followed by western
blot analysis. DYRK1A siRNAs were synthetized by Shanghai
GenePharma Co., Ltd. The siRNA sequences used were as
follows: siDYRK1A-1, 5~ AUGGAGCUAUGGACGUUAADT
DT-3"; siDYRKI1A-2, 5~AAACUCGAAUUCAACCUUADT
DT-3'; and negative control, 5-UUCUCCGAACGUGUCACG
UDTDT-3.

Plasmid transfection. HepG2 cells reached 80% confluence
in a 6-cm plate prior to transfection. Attractene transfec-
tion reagent was purchased from Qiagen AB. Constitutively

active AKT1 (CA-AKT; cat. no. 78778; pcDNA3.1-HA
AKTT1) plasmid was obtained from Addgene, Inc. CA-AKT
or pcDNA3.1 plasmid (cat. no. V87020; Invitrogen; Thermo
Fisher Scientific, Inc.) transfection was performed using
Attractene transfection reagent with 1 pg plasmid per reaction
at 37°C for 24 h, according to the manufacturer's protocol (22).
Cells were then treated with 4 uM harmine + 1 yM regorafenib
for 48 h, after which the expression of the indicated proteins
were detected.

Statistical analysis. All data are presented as the mean + SD.
All experiments were conducted at least three times, and
representative results are presented. A two-tailed unpaired
Student's t-test was used to determine the differences
between two groups. One-way ANOVA followed by Tukey's
post hoc test was used to examine the significant differ-
ences among multiple groups using GraphPad (Version 6.01;
GraphPad Software). The combination index (CI) values
were calculated using CalcuSyn (Version 2.0; Biosoft; syner-
gism, CI<0.9; additive effect, 0.9-1.10; antagonism, >1.10).
P<0.05 was considered to indicate a statistically significant
difference.

Results

DYRKIA knockdown reinforces the anticancer effects of rego-
rafenib in vitro. DYRKI1A serves a vital role in drug sensitivity
in cancer treatment (17,16). In the present study, two DYRKI1A
siRNA significantly suppressed the expression of DYRKIA
and DYRKI1A knockdown by siDYRKI1A-1 reinforced the
anticancer effects of regorafenib in liver cancer cells by
suppressing cell proliferation (Fig. 1A and B).
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Figure 2. Harmine plus regorafenib synergistically inhibit the proliferation of liver cancer cells. (A) Liver cancer cells were incubated with harmine and/or
regorafenib for 72 h, and cell proliferation was then determined using sulforhodamine blue assay. (B) The mean CI values were calculated and are demon-

strated. Rego, regorafenib; Har, harmine; CI, combination index.

Harmine plus regorafenib synergistically inhibits the prolif-
eration of liver cancer cells. As expected, the DYRKIA
inhibitor harmine plus regorafenib significantly suppressed the
proliferation of liver cancer cells compared with single-agent
treatment (Fig. 2A). To verify the synergistic anti-liver cancer
effect of harmine plus regorafenib, CI values were calculated.
As revealed in Fig. 2B, co-treatment with harmine and rego-
rafenib exhibited synergistic anti-proliferative effects on liver
cancer cells (CI<0.7). Particularly in HepG2 cells, harmine plus
regorafenib exhibited a strong synergy (CI<0.1). In addition,
harmine could increase the suppression of colony formation
by regorafenib in liver cancer cells (Fig. 3). Thus, these data
revealed that harmine enhanced the anticancer effects of rego-
rafenib by inhibiting liver cancer cell proliferation.

Harmine increases regorafenib-induced cell death. To further
confirm the synergistic anti-liver cancer effect of harmine
plus regorafenib, PI staining was used to detect cell death. As
demonstrated in Fig. 4A, the cell death proportion of HepG2
cells (sub-G1) was 3.20% in the control group, 9.98% in the

regorafenib group, 49.81% in the harmine group and 80.40%
in the combination treatment group. Therefore, harmine mark-
edly enhanced regorafenib-induced cell death in HepG2 cells
(Fig. 4B). The enhanced cell death induced by harmine plus
regorafenib was also observed in Hep3B cells, compared with
single agent treatment. These data revealed that harmine plus
regorafenib significantly induced cell death in liver cancer cells.

Harmine combined with regorafenib induces cell death
via the AKT pathway. Furthermore, western blot analysis
detecting cleaved-PARP and cleaved-caspase-3 confirmed
that harmine plus regorafenib treatment promoted apoptosis in
liver cancer cells when compared with single agent treatment
(Fig. 5A and B). The phosphorylation of AKT was enhanced
in liver cancer cells treated with regorafenib compared with
the DMSO treated group, while harmine plus regorafenib
significantly suppressed p-AKT compared with single agent
treatment in HepG2 and Hep3B cells. Furthermore, harmine
plus regorafenib significantly inhibited the expression of Mcl-1
compared with single agent treatment.
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Figure 3. Harmine increases the anti-cancer proliferative effects of regorafenib. Liver cancer cells were incubated with harmine/regorafenib for 14 days and
underwent crystal violet staining. One-way ANOVA followed by Tukey's post hoc test was used to examine the significant differences among four groups,

including control, regorafenib, harmine and regorafenib plus harmine groups.

Overexpression of AKT reverses the apoptosis induced by
regorafenib plus harmine in liver cancer cells. To determine
the role of the AKT signaling pathway in regorafenib plus
harmine treatment, AKT was overexpressed by transfecting
the CA-AKT plasmid into liver cancer cells. Regorafenib plus
harmine induced apoptosis in the AKT-overexpression group
was lower than that in empty vector group, indicating that AKT
overexpression reduced the apoptosis induced by regorafenib
plus harmine in liver cancer cells (Fig. 6A and B). Thus, these
results demonstrated that AKT signaling may serve a vital role
in regorafenib plus harmine treatment.

Discussion

The activation of the PI3K/AKT/mTOR pathway is
involved in the development and proliferation of liver

okt

P<0.0001. Rego, regorafenib; Har, harmine.

cancer stem cells during acquired sorafenib resis-
tance (23). Although regorafenib is the only systemic
therapy demonstrated to provide survival advantages in
patients with liver cancer experiencing disease progres-
sion on sorafenib treatment, the activation of the AKT
pathway still restricts the anticancer activity of rego-
rafenib during acquired regorafenib resistance (24,25).
This highlighted the need for alternative therapeutic strat-
egies for targeting the PI3K/AKT/mTOR pathway during
sorafenib/regorafenib treatment. Mcl-1 is vital to cancer
treatment due to its upregulation in a wide variety of
human cancer types, including non-small-cell lung cancer,
breast cancer, ovarian cancer, prostate cancer and pancre-
atic cancer (26,27). The PI3K/AKT/mTOR pathway could
increase the stabilization of the Mcl-1 protein by inhib-
iting Mcl-1 phosphorylation in human melanoma (28). It



6 CHEN et al: HARMINE REINFORCES REGORAFENIB IN LIVER CANCER

A 700 - Control . Rego . Har . Rego+Har
560 - = 3 =
420 1| Apop. = Apop. 1 Apop. 41 Apop. =
E 3.20+0.35% : 9.98+2.03% : 49.81+4.82% 3 80.40+7.74% o)
280 B = = N
Ojl\l\\|\I\\‘I\I\|\I\I|\II!‘ jlllwl‘I\I\l\l\llll\l‘l\l\ :I\I\III\Il‘II\Il\I\I‘I\I\ :\III‘I\II"II\I'\II!‘I\IIJ

0 200 400 600 800 1000 0 200 400 600 800 1000 0O 200 400 600 8001000 0O 200 400 600 800 1000
Q
g 700 = E E
7 560- 3 E 3
420 - Apop. Eo Apop. S Apop. 3 Apop. -‘c%
280 = 7.9440.54% _% 25.47+1.22% 3 23.41+0.72% 3 57.00+3.05% f&g
140 - -
O—:u\\'lu\ T T [ TTTT[TTTT _:|I\I\|II\I|\!II‘I\I\|IHI A T T _1I\I‘III\‘I\I\ TITT [ TTTT
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000 O 200 400 600 800 1000
Propidium iodide
B HepG2 Hep3B
100 o i 100 =
80 = 80 = *kkk
c 60+ = 60+
T T
3 3
= 40 L = 40 -
[0 [0
(&) o
20 = 20 =
0w 0w
° S © = = ©
s I % ¥ £ 3 3 3
s - 1 3 5 Y 1§
o S s > © > g 53
& * o & i

Figure 4. Harmine increases regorafenib-induced cell death. (A) Cells were incubated with harmine/regorafenib for 48 h, and propidium iodide staining was
used to measure cell death. (B) Quantification of cell death as determined by flow cytometry. One-way ANOVA followed by Tukey's post hoc test was used
to examine the significant differences among four groups, including control, regorafenib, harmine and regorafenib plus harmine groups. ““P<0.0001. Rego,

regorafenib; Har, harmine.

has been reported that DYRKI1A overexpression has no
effect on hepatic PI3K/AKT activation in mouse liver (29).
However, the AKT pathway is activated by DYRKIA in
the brain of mice with hyperhomocysteinemia, and treat-
ment with harmine has been demonstrated to diminish
AKT activation by reducing AKT phosphorylation (30).
Furthermore, trophinin associated protein has been indi-
cated to directly bind to DYRKI1A or DYRKI1B, leading
to the cytoplasmic retention of DYRKI1A or DYRKI1B and
inducing cell cycle progression via AKT activation (31).
Therefore, it was suggested that AKT may be abnormally
activated by DYRKI1A during the pathogenesis of multiple
diseases or development of drug resistance. The results
of the present study indicated that AKT was activated in
regorafenib-treated liver cancer cells, and that DYRK1A
inhibition by harmine could suppress p-AKT and reinforce
the anti-liver cancer activity of regorafenib by inhibiting
the AKT pathway. These data highlighted that harmine
may be a compound that could reverse regorafenib resis-
tance during liver cancer treatment. However, the effect of

harmine plus regorafenib treatment on normal liver cells
may require further investigation.

Liver cancer is closely associated with fibrosis and
chronic inflammation arising from different etiologies,
including alcoholic and non-alcoholic fatty liver disease and
hepatitis B and C (32). Furthermore, 80-90% of patients with
liver cancer have underlying cirrhosis caused by chronic
liver inflammation (33). Liver cancer develops in an intricate
microenvironment characterized by chronic inflamma-
tion (34). Thus, effective therapeutic approaches for liver
cancer are expected to prevent chronic inflammation and
oncogene-activated liver cancer growth (35). DYRKI1A serves
a critical role in regulating the balance between T helper 17
and T regulatory (Treg) cells, thereby contributing to the
progression of inflammatory disease, and harmine attenuates
inflammation by regulating Treg cell differentiation (36).
Furthermore, DYRKI1A suppression has been indicated to
destabilize EGFR and reduce EGFR-dependent glioblastoma
growth, and the pharmacological inhibition of DYRKIA
has been revealed to inhibit stem cell behavior (37). These
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poly (ADP-ribose) polymerase; Rego, regorafenib; Har, harmine; Rego + Har, regorafenib + harmine.
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Figure 7. Effect and mechanism of harmine plus regorafenib. DYRKIA,
dual-specificity tyrosine phosphorylation-regulated kinase 1A; Mcl-1,
myeloid cell leukemia-1; si-, small interfering.

findings highlight the potential importance of DYRKI1A
in liver carcinogenesis and the need for the development
of therapeutic strategies to target DYRKI1A in liver cancer
treatment. In the present study, to the best of our knowledge,
it was reported for the first time that DYRKI1A inhibition
may be an efficient way of reinforcing the anticancer activity
of regorafenib in liver cancer treatment. However, preclinical
studies in vivo and clinical studies are required to verify the
anti-liver cancer effect of harmine plus regorafenib. In addi-
tion, the efficiency of DYRKI1A suppression plus regorafenib
on inflammation during liver cancer development requires
further investigation.

In conclusion, DYRKIA knockdown increased the
anti-proliferative activity of regorafenib, and harmine
enhanced the effects of regorafenib in liver cancer cells
by suppressing cell proliferation and inducing apoptosis.
Furthermore, harmine suppressed the expression of p-AKT
and enhanced the anticancer activity of regorafenib via
regulating the AKT pathway (Fig. 7). Thus, harmine may
be a pertinent sensitizer to regorafenib, and harmine plus
regorafenib may be an effective strategy for liver cancer
treatment.
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