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Abstract
Colorectal cancer (CRC) is one of the most common malignancies currently.
Despite advances in drug development, the survival and response rates in CRC
patients are still poor. In our previous study, a library comprised of 1056 bioactive
compounds was used for screening of drugs that could suppress CRC. Lomer-
izine 2HCl, which is an approved prophylactic drug for migraines, was selected
for our studies. The results of in vitro and in vivo assays suggested that lomer-
izine 2HCl suppresses cell growth and promotes apoptosis in CRC cells. More-
over, lomerizine 2HCl inhibits cellmigration and invasion of CRC.RNA sequenc-
ing analysis and Western blotting confirmed that lomerizine 2HCl can inhibit
cell growth, migration, and invasion through PI3K/AKT/mTOR signaling path-
way and induces protective autophagy in CRC.Meanwhile, autophagy inhibition
by 3-methyladenine (3-MA) increases lomerizine 2HCl-induced cell apoptosis.
Taken together, these results imply that lomerizine 2HCl is a potential anticancer
agent, and the combination of lomerizine 2HCl and autophagy inhibitors may
serve as a novel strategy to increase the antitumor efficacy of agents in the treat-
ment of CRC.
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1 INTRODUCTION

CRC (colorectal cancer) is amajor global disease. In 2018, it
was estimated that about 1.8 million new CRC cases were
diagnosed, of which nearly 10% resulted in death due to
the disease.1 Furthermore, 50% of patients initially develop
distant metastasis, leading to the high fatality rate.2 Cur-
rent colorectal cancer treatment strategies include surgery,
radiotherapy, chemotherapy, cryosurgery, and targeted
therapy.3 Although a combination of chemotherapy and
surgery has generally become the major treatment strat-
egy for colorectal cancer, almost half of CRC patients have
a recurrence.4 Therefore, exploring novel drugs and the
underlying mechanisms of CRC progression are urgently
needed.
Drug repurposing is an approach for exploring new

applications for drugs that have been approved or are
investigational.5 Compared to developing a new drug, drug
repurposing has many benefits. For instance, the rate of
failure is reduced and the time of drug development is
shorter.6 In the present study, the “drug repurposing”
approach was used by employing a small molecule library
consisting of 1056 FDA-approved compounds for initial
screening,7 and lomerizine 2HCl, which is a prophylac-
tic drug for migraine, was selected for our studies because
it showed a high inhibitory effect and it has not been
reported to inhibit cancer proliferation according to liter-
ature study. We aimed to determine whether lomerizine
2HCl is effective against colorectal cancer, andwe illustrate
the molecular mechanisms of its effects.
The phosphoinositide 3-kinase (PI3K)-AKT pathway is

an important activation pathway in cancer.8 Activation
of the pathway regulates cell metabolism in cancer, thus
meeting the growth needs of cancer cells.9 The PI3K/AKT
pathway is crucial in cell proliferation, apoptosis, and
oncogenesis.10 Our former studies also reported that the
PI3K/AKT signaling is important in esophageal tumor
growth and metastasis.11 In the present study, lomerizine
2HCl was shown to exert anticancer effects through the
PI3K/AKT signaling pathway in CRC.
Autophagy is an intracellular metabolic process in

which misfolded proteins, protein aggregates, and dam-
aged organelles are delivered to lysosomes and degraded by
autophagosomes.12 While excessive autophagy can induce
autophagic cell death, autophagy is a protective cellular
mechanism during conditions of cellular stress, such as
starvation, hypoxia, oxidative stress, and anticancer drug
treatment. It has also been shown that autophagy can
provide metabolic fuel for tumors and promote tumor
progression.12 Therefore, exploring the function andmech-
anisms of protective autophagy in cancer is helpful for
developing promising therapeutic strategies to enhance
chemotherapy efficacy.

2 RESULTS

2.1 Lomerizine 2HCl inhibits
proliferation and induces apoptosis of CRC
cells

The “drug repurposing” approachwas used to screen exist-
ing drugs with the potential for inhibiting CRC cell via-
bility by using a small molecule library comprised of 1056
FDA-approved compounds for the first screening (Fig-
ure 1A). Lomerizine 2HCl, a prophylactic drug used for
migraines, was selected for our studies (Figure 1B). We
intended to detect the inhibitory effects of lomerizine 2HCl
on CRC cells. We treated HT-29 and DLD-1 cells with dif-
ferent concentrations of lomerizine 2HCl, and cell viability
was assessed through the CCK-8. As shown in Figure 1C,
lomerizine 2HCl significantly inhibited CRC cell prolifer-
ation. The impact of lomerizine 2HCl on colony formation
was also determined. After 14-day exposure to various con-
centrations of lomerizine 2HCl, we observed that colony
formation was suppressed by lomerizine 2HCl in a dose-
dependent manner in CRC cells (Figure 1D).
Next, we explored the ability of lomerizine 2HCl to

induce cell apoptosis in CRC. CRC cells were exposed to
lomerizine 2HCl for 48 h. As shown in Figure 1E, lomer-
izine 2HCl induced apoptosis in both twoCRC cell lines. In
addition, the results of Western blotting provided evidence
that lomerizine 2HCl at a concentration within the range
of 10–40 μM can induce the expression of poly ADP-ribose
polymerase (PARP) (Figure 1F). These results imply that
apoptosis induced by lomerizine 2HCl is correlated with
cysteine proteinase activity.

2.2 Lomerizine 2HCl suppresses
progression of CRC by inhibiting
PI3K/AKT/mTOR signaling pathway

To explore the molecular mechanisms of lomerizine 2HCl
anticancer effects, RNA sequencingwas conducted to com-
pare the gene profiles of control and lomerizine 2HCl-
treated CRC cells. The ingenuity pathway analysis (IPA)
suggests that lomerizine 2HCl may regulate CRC cells
through PI3K signaling pathway (Figure 2A). Table S1
shows the genes with altered expression in the lomerizine
2HCl-treated cells versus untreated cells. TheWestern blot-
ting results show that treatment with lomerizine 2HCl led
to reduced expressions of p-PI3K, p-AKT, and p-mTOR
(Figure 2B).
We then transfected cells with anAKT plasmid to obtain

AKT-overexpressing cells and then subjected these cells to
lomerizine 2HCl treatment. As we expected, in the AKT-
overexpressing CRC cells, lomerizine 2HCl-induced tumor
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F IGURE 1 Lomerizine 2HCl inhibits proliferation and induces apoptosis of CRC cells. (A) Diagram shows the screening approach. (B)
Chemical structure of lomerizine 2HCl is shown. (C) HT-29 and DLD-1 cells were treated with lomerizine 2HCl (5, 10, 20, 40, and 80 μM) for
5 days and the cell viability was detected by CCK-8 with DMSO as control. (D) Colony formation assay shows the effects of lomerizine 2HCl
on colony formation. (E) Flow cytometry analysis shows the effects of lomerizine 2HCl (DMSO, 10, 20, and 40 μM) on cell apoptosis at 48 h.
(F) Cells were treated with lomerizine 2HCl for 48 h and the cell lysates were collected to analyze apoptosis-related proteins. All data shown
represent three independent experiments. Bars, SD; *p < 0.05, **p < 0.01, ***p < 0.001
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F IGURE 2 Lomerizine 2HCl suppresses the progression of CRC by inhibiting the PI3K/AKT/mTOR signaling pathway. (A) IPA software
has been carried out with RNA-Seq and identified a significantly altered functional network. (B) CRC cells were incubated with 0, 10, 20, or
40 μM lomerizine 2HCl for 48 h, and the levels of p-PI3K, AKT, p-AKT, p-mTOR, ERK, p-ERK, MEK, and p-MEK were detected by Western
blot. (C) CRC cells were transfected with AKT plasmid or empty plasmid and then subjected to lomerizine 2HCl (40 μM) treatment. Cell
viability was measured by CCK-8 assay. (D) With the absence or presence of AKT plasmids, CRC cells were treated with lomerizine 2HCl
(40 μM), and then cell apoptosis was detected by flow cytometry. (E) Western blot analysis was performed to measure the expression of
LC3I/II, AKT phosphorylation, and cleaved PARP in the CRC cells treated with lomerizine 2HCl (20 μM) in the presence or absence of AKT
plasmids. Bars, SD; *p < 0.05, **p < 0.01, ***p < 0.001
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proliferation defect was partially repaired (Figure 2C). In
addition, as shown by Annexin V-FITC/PI staining, AKT
overexpression weakened the effects of lomerizine 2HCl-
induced apoptosis and autophagy (Figure 2D,E). It isworth
noting that after AKT-plasmid transfected, the total level
of protein did not change, but the p-AKT increased (Fig-
ure 2E). These results suggest that lomerizine 2HCl sup-
presses the proliferation of CRC through downregulation
of the PI3K/AKT/mTOR signaling pathway.

2.3 Blocking autophagy promotes
lomerizine 2HCl-mediated apoptosis in
CRC cells

Autophagy is believed to play an essential role in tumor ini-
tiation and growth.13 We treated CRC cells with lomerizine
2HCl, and autophagosome accumulation was observed by
laser scanning confocal microscopy (Figure 3A). West-
ern blotting analysis also revealed an increase in the
expression of LC3I/II with increasing doses of lomer-
izine 2HCl (Figure 3B). To further verify these results,
we used 3-methyladenine (3-MA), which is a widely used
autophagy inhibitor. As shown in Figure 3C, treatment
with lomerizine 2HCl significantly induced autophago-
some accumulation than negative control, whereas addi-
tion of 3-MA dramatically reduced the LC3II accumula-
tion induced by lomerizine 2HCl. Western blotting anal-
ysis also confirmed these results (Figure 3D). Addition-
ally, CCK-8 assays revealed that autophagy inhibition by
3-MA increased the ability of lomerizine 2HCl to suppress
tumor proliferation (Figure 3E). Next, we explored the
function of autophagy in lomerizine 2HCl-induced apop-
tosis. As expected, Annexin V-FITC/PI assay verified that
autophagy inhibition by 3-MA enhanced CRC cell apopto-
sis induced by lomerizine 2HCl (Figure 3F). That is, when
autophagy was blocked, the oncogenic activities were sig-
nificantly inhibited. These data show that autophagy sup-
pression may be a promising strategy for anticancer ther-
apy.

2.4 Lomerizine 2HCl suppresses
migration and invasion in CRC cells

To evaluate inhibitory effect of lomerizine 2HCl on cell
migration and invasion, HT-29 and DLD-1 cells were
exposed to lomerizine 2HCl for 48 h. The migration capac-
ity of both CRC cell types was strongly inhibited by lomer-
izine 2HCl. In addition, we analyzed whether lomerizine
2HCl could inhibit cell invasion, and the data showed that
the invasion of HT-29 and DLD-1 cells was significantly
suppressed by lomerizine 2HCl (Figure 4A).

Researchers have suggested that the epithelial–
mesenchymal transition (EMT) plays a significant role in
tumor metastasis.14 To illustrate the mechanisms of lom-
erizine 2HCl-suppressed CRC cell migration and invasion,
we evaluated EMT marker proteins by Western blotting.
The results indicate that lomerizine 2HCl dramatically
downregulates the expression levels of the vimentin and
Slug proteins; however, the levels of E-cadherin and
β-catenin are elevated (Figure 4B). Collectively, these data
imply that lomerizine 2HCl inhibits the migration and
invasion of CRC cells by suppressing the EMT process.
To further investigate whether lomerizine 2HCl also

inhibits migration and invasion via the PI3K/AKT path-
way, CRC cell lines were transfected with an AKT over-
expression plasmid. The results show that overexpression
of AKT obviously eliminated the inhibitory action of lom-
erizine 2HCl on cell migration and invasion in CRC cells
(Figure 4C).

2.5 Synergistic effects of lomerizine
2HCl and 5-FU on CRC cells

Chemotherapy resistance is a major cause of poor prog-
nosis in CRC.15,16 The use of drug combinations of sev-
eral compounds that have different mechanisms of action
is another way to make chemotherapy successful.17,18
Oral or intravenous 5-fluorouracil (5-FU) is the first-line
chemotherapeutic treatment used in CRC.19 To deter-
mine whether lomerizine 2HCl and 5-FU have synergistic
effects, CRC cells were treated with lomerizine 2HCl and
5-FU alone or in combination, and the combination of the
two drugs significantly inhibited cell viability and colony
formation compared with inhibition by either lomerizine
2HCl or 5-FU alone (Figure 5A,B). To verify the results, we
also examined the synergistic effects of lomerizine 2HCl
and 5-FU in tumor cells by flow cytometry and Western
blotting analysis. We observed that the combination of
lomerizine 2HCl and 5-FU caused a marked enhancement
in the apoptosis of CRC cells than cells treated with lom-
erizine 2HCl or 5-FU alone (Figure 5C). Western blotting
analysis revealed similar results, as the expression levels of
cleaved PARP were elevated in cells exposed to lomerizine
2HCl and 5-FU (Figure 5D). In addition, our data showed
that the combination treatment of lomerizine 2HCl and
5-FU can effectively suppress AKT pathway. Collectively,
the present data show that although lomerizine 2HCl and
5-FU had slight antiproliferation effects individually, the
combination of lomerizine 2HCl and 5-FU treatment can
exert a synergistic effect on inhibiting cell proliferation in
tumor cells. Thus, the combination of lomerizine 2HCl and
5-FUmay be an effective therapeutic strategy for colorectal
cancer.
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F IGURE 3 Blocking autophagy promotes lomerizine 2HCl-mediated apoptosis in CRC cells. (A) CRC cells were treated with or without
lomerizine 2HCl (40 μM) for 24 h. Immunofluorescence staining and confocal microscopy imaging show the formation of autophagosomes,
indicated by fluorescent-tagged LC3. (B) CRC cell lines were treated with the indicated concentration of lomerizine 2HCl for 24 h. The
expression level of LC3I/II was assessed by Western blot. (C) The formation of autophagosomes detected under the use of autophagy inhibitor
(3-MA, 1 mM) alone and in combination with lomerizine 2HCl (40 μM) is shown. (D) LC3 expression was measured by Western blot. (E) CRC
cells were treated with lomerizine 2HCl (40 μM), 3-MA (1 mM), or the combination of both, and cell viability was assessed by CCK-8. (F) CRC
cells were treated with lomerizine 2HCl (40 μM) or 3-MA (1 mM) individually or in combination, and cell apoptosis was detected by flow
cytometry. Bars, SD; *p < 0.05, **p < 0.01, ***p < 0.001
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F IGURE 4 Lomerizine 2HCl suppresses the migration and invasion in CRC cells. (A) Migration and invasion assays show the effects of
lomerizine 2HCl on CRC cells (DMSO, 10, 20, 40 μM). (B) CRC cell lines were incubated with increasing doses of lomerizine 2HCl for 48 h,
and EMT-related proteins were detected by Western blot. (C) Migration and invasion ability of HT-29 and DLD-1 cells following transfection
with AKT-expressing plasmid or vector control is shown with lomerizine 2HCl treatment (20 μM) for 48 h. The data represent three
independent experiments. Bars, SD; *p < 0.05, **p < 0.01, ***p < 0.001
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F IGURE 5 Synergistic effects of lomerizine 2HCl and 5-FU on CRC cells. (A) Cell viability was assessed by CCK-8. CRC cells (HT-29 and
DLD-1) were exposed to lomerizine 2HCl (5 μM), 5-FU (7.5 μM), or the combination of both. (B) Colony formation assay shows that exposure
to lomerizine 2HCl may enhance the drug sensitivity of CRC cells to 5-FU. (C) Cell apoptosis in CRC cells treated with lomerizine 2HCl
(20 μM), 5-FU (30 μM), or the combination of both is shown. (D) Western blot was carried out to measure the expression of LC3I/II, AKT
phosphorylation, mTOR phosphorylation, and cleaved PARP in the CRC cells treated with lomerizine 2HCl (20 μM), 5-FU (30 μM), or the
combination of both. Bars, SD; *p < 0.05, **p < 0.01, ***p < 0.001
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2.6 Effect of lomerizine 2HCl on tumor
growth

To further confirm the antitumor functions of lomer-
izine 2HCl in vivo, we established a mouse subcutaneous
xenograft model of CRC. When the tumor size reached
approximately 100 mm3, Balb/c nude mice were separated
into three groups randomly that were treated every other
day with lomerizine 2HCl (30 and 60 mg/kg) or vehicle
(DMSO+PBS). The tumor size in the group treated with
60 mg/kg of lomerizine 2HCl was obviously smaller com-
pared to control group (Figure 6A). Similarly, tumor vol-
ume in the group treated with 60 mg/kg of lomerizine
2HCl was also smaller compared to control group (Fig-
ure 6B). However, results showed that lomerizine 2HCl
treatment did not induce obvious weight loss in the mice
(Figure 6C). More importantly, as shown in Figure 6D,
changes of alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activity were not obvious in the
lomerizine 2HCl group or control group, indicating that
lomerizine 2HCl induced only minor damage. In addition,
Western blotting analysis of the tumor samples showed
that lomerizine 2HCl can significantly downregulate the
PI3K/AKT/mTOR signaling pathway in HT-29 xenografts
(Figure 6E). Further, IHC staining revealed lower levels of
Ki-67 and p-AKT in the lomerizine 2HCl group than in the
control, and TUNEL assays indicated higher apoptosis lev-
els in the lomerizine 2HCl group than control group (Fig-
ure 6F). In conclusion, above findings suggest that lom-
erizine 2HCl markedly suppresses the growth of tumor in
vivo by suppressing the PI3K/AKT/mTOR signaling path-
way, which is consistent with the results observed in vitro.

3 DISCUSSION

At present, drug repositioning has gained widespread
attention among scientists as a key strategy for accelerat-
ing the development of potential anticancer therapies.20,21
In this study, based on a chemical library that consisted
of FDA-approved commercial drugs, we found that lom-
erizine 2HCl exhibited potent anticancer activity against
CRC cells. It has been reported that lomerizine 2HCl can
decrease the frequency of migraine headaches with an
effectiveness of 50%–75%.22 However, there have been no
studies to investigate the anticancer effects of lomerizine
2HCl. Thus, we provide the first line of evidence showing
the suppressive effects of lomerizine 2HCl on cell growth,
migration, and invasion. Moreover, we discovered that
lomerizine 2HCl can suppress tumor growth in vivo with-
out obvious side effects.
Autophagy can be activated by the stimulation of

starvation, hypoxia, oxidative stress, or anticancer drug

treatment.12,23 According to the literature, autophagy
is a double-edged sword in tumor promotion and
metastasis.24,25 Autophagy is a conserved process in
eukaryotes for the lysosomal degradation of damaged
organelles, proteins, and other cytoplasmic components,26
but autophagy can also be harmful because it may lead
to drug resistance.27 In this study, we confirmed that
lomerizine 2HCl induced apoptosis in CRC but also
triggered protective autophagy. To search for the function
of autophagy in experiments, autophagy inhibitor 3-MA
was used in lomerizine 2HCl-treated CRC cells. We found
that lomerizine 2HCl-induced autophagy was significantly
inhibited by 3-MA, and autophagy suppression increased
lomerizine 2HCl-induced apoptosis in CRC cells. Hence,
the combination treatment with lomerizine 2HCl and the
autophagy inhibitor enhanced the therapeutic effects of
lomerizine 2HCl on CRC cells. Cho has demonstrated that
autophagy is associated with the AKT signaling pathway28
and that AKT is a positive regulator of cell growth and
proliferation.29,30 In this study, we found that lomer-
izine 2HCl suppressed the PI3K/AKT/mTOR signaling
pathways in CRC cells. However, AKT overexpression
partly reduced the inhibitory effects of lomerizine 2HCl
on the AKT/mTOR signaling pathway and weakened
the inhibitory actions of lomerizine 2HCl on CRC cell
growth. In addition, we found that AKT overexpression
could inhibit lomerizine 2HCl-induced autophagy and
weakened lomerizine 2HCl-induced apoptosis.
CRC is known as a public health problem worldwide

because of its high incidence and mortality rate.31 Adju-
vant chemotherapy is the main treatment strategy for
advanced CRC,32 and 5-FU and oxaliplatin are the major
chemotherapeutic agents that are used.33,34 However, drug
resistance develops in patients under long-term antitu-
mor treatment, and the effectiveness of chemotherapy is
often limited.35,36 In this study, our results demonstrate
that lomerizine 2HCl promotes protective autophagy and
suppresses CRC cell growth, migration, and invasion via
the PI3K/AKT/mTOR signaling pathway. Based on the
advantages reflected in our experimental data, lomerizine
2HCl may become a potential antitumor drug, and sup-
pression of protective autophagy induced by lomerizine
2HCl using 3-MA might present an effective strategy to
improve chemotherapy in CRC.

4 MATERIALS ANDMETHODS

4.1 Cell lines and cell culture

The human CRC cell lines (HT-29 and DLD-1) were
obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in RPMI 1640
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F IGURE 6 Effect of lomerizine 2HCl on tumor growth. (A) Images show xenografts collected from mice established from HT-29. (B)
Tumor volume curves show that lomerizine 2HCl exerts a significant inhibitory effect on tumor growth (n = 6). (C) The bodyweights of mice
were monitored. (D) Serum ALT and AST levels in lomerizine 2HCl-treated mice are compared with vehicle-treated mice. (E) The expression
levels of AKT, p-AKT, p-mTOR, and p-PI3K in lomerizine 2HCl-treated mice and the vehicle-treated mice are shown. (F) Images of IHC
staining for Ki-67 and p-AKT and TUNEL assays are shown in lomerizine 2HCl-treated mice and vehicle-treated mice. Bars, SD; *p < 0.05,
**p < 0.01, ***p < 0.001
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medium (Invitrogen, CA, USA) supplemented with 10%
fetal bovine serum (FBS; HyClone, UT, USA) at 37◦C in 5%
CO2.

4.2 Drugs and plasmids

Lomerizine 2HCl, 5-FU, and autophagy inhibitor 3-MA
were obtained from Selleck Chemicals (Shanghai, China).
The AKT1 (T308D/S473D) plasmid was obtained from
Dr. Robert Weinberg. AKT or negative control was trans-
fected into cells with PEI (Polysciences, Inc. USA) reagent
(1 mg/ml). Briefly, cells were treated for 4 h with PEI/DNA
complex (PEI:DNA = 3:1) diluted by the appropriate
serum-free medium, and then were provided with com-
plete medium.

4.3 Cell viability assay

Cell viability was assessed by the Cell Counting Kit-8
(CCK8) (Mashiki-machi, Japan) as described previously.37
CRC cells were planted in 96-well plates and exposed to
lomerizine 2HCl or 5-FU at different concentrations for
0–5 days, CCK-8 was added at the end of treatment. The
absorbance at 450 nm was measured on a 96-well plate
reader.

4.4 Colony formation assay

The assay was carried out as described previously.38 CRC
cells were seeded in six-well plates and treated with
assorted concentrations of drugs, followed by culturing
for 14 days. After washing, cells were fixed in methanol,
then stained by 0.4% crystal violet. After staining, the
colonies were rinsed with water and dried for counting.
The colonies containing more than 50 cells were counted.

4.5 Migration and invasion assay

The assays were executed as previously described.39 Tran-
swell chambers with a pore size of 8 μm (Millipore, MA,
USA) were used in migration and invasion assays. In inva-
sion assay, Matrigel (Corning, NY, USA) was added to the
chambers before the experiment. After rinsing with PBS,
cells were resuspended in the medium without serum as
follows: the bottomof the chamberwas coveredwith 600μl
of 1640 medium with 20% serum; and the upper cham-
ber was covered with 200 μl cell suspension and 200 μl of
mediumwith different concentrations of drugs. The cham-
bers were fixed by methanol after 48 h, then stained with

crystal violet. After staining, themigrated cells were rinsed
withwater, then dried for counting. The cells thatmigrated
to the bottom chamber were counted using a microscope.

4.6 Apoptosis detection by flow
cytometry

The experiments were performed as previously
described.40 Briefly, the Annexin V-FITC/PI apopto-
sis detection kit (KeyGen, Nanjing, China) was used.
According to the instructions, cells were resuspended in
500 μl of binding buffer and incubated with 5 μl Annexin
V-FITC and 5 μl of PI in the dark, the number of apoptotic
cells were recorded by flow cytometry with a FACSCalibur
(BD Biosciences).

4.7 Immunofluorescence staining

The experiments were executed as previously described.41
CRC cells were exposed to varied concentrations of
lomerizine 2HCl and fixed with methanol. Then, after
treating with 0.5% Triton X-100, cells were blocked
with 5% goat serum and treated with primary anti-
bodies overnight at 4◦C. Then cells were covered with
the appropriate secondary antibodies for 1 h and 4′,6-
diamidino-2-phenylindole (DAPI) for 15 min. Then cells
were imaged using laser scanning confocal microscope
(LSM700, ZEISS).

4.8 Western blot

Western blot was performed as previously described.42
After 48h incubation with lomerizine 2HCl or RPMI 1640
medium, CRC cells were collected by pancreatic enzyme
digestion and centrifugation. The collected cells were lysed
on ice in RIPA buffer containing 1% protease inhibitors.
Protein extracts were obtained after high-speed centrifu-
gation and quantification with the BCA protein quantita-
tion kit (Thermo Fisher, Waltham, USA). Equivalent pro-
teinswere resolved by SDS-PAGE gel and the proteinswere
subsequently moved to PVDF membrane, then the pro-
teins were blocked and treated with primary antibodies
overnight at 4◦C. After washing by TBST (TBS containing
1% Tween), appropriate secondary antibodies were added
to the membrane to incubate for 60 min, and the bands
were observed through an ECL Western blotting kit. The
EMT antibody kit, cleaved PARP, p-AKT (Ser 473), AKT,
p-ERK (Thr202/Tyr204), ERK, p-PI3K (p85 [Tyr458]/p55
[Tyr199]), and p-mTOR (Ser 2448) primary antibodies were
obtained from Cell Signaling Technology (MA, USA).
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4.9 RNA sequencing and ingenuity
pathway analysis

RNA was extracted by HiPure Total RNA Mini Kit
(Megen, Guangzhou, China) and it was sent to the Beijing
Genomics Institute Tech (Shenzhen, Guangdong, China)
for RNA sequencing (RNA-seq). Differences of ≥1.5 were
defined as differential expressions. The IPA software (Inge-
nuity Systems, Redwood City, CA, USA)was used for path-
way analysis.

4.10 Animal experiments

All the tumor xenograft experiments were conducted in
accordance with the rules and regulations of the Insti-
tute of Laboratory Animal Science at Jinan University.
Tumor xenograft experiments were performed as previ-
ously described.43 Briefly, female Balb/c nude mice at
approximately 4–6 weeks old were obtained from Gem-
Pharmatech Co., Ltd. (Nanjing, Jiangsu, China). HT-29
cells in PBS were added the same amount of Matrigel (BD
Biosciences), and the cells were subcutaneously injected
into the flanks of the mice. We recorded the tumor size
and mice weight every other day. The mice were ran-
domly divided into the lomerizine 2HCl-treated group (30
or 60 mg/kg) and control group (PBS) when tumor size
reached 100 mm3. After 26 days of lomerizine 2HCl treat-
ment, the mice were euthanized, and the tumor was col-
lected and immediately fixed or preserved at low tempera-
ture for further use.

4.11 TUNEL assay

The assay was performed as stated by the manufacturer
(Servicebio, Wuhan, China) to detect cell death. After
deparaffinization and antigen retrieval, the tumor sections
were permeabilized using the working solution (Service-
bio, Wuhan, China). Then, the sections were added appro-
priate amount of TDT enzyme and the dUTP mixture
at 37◦C for 2 h. Finally, sections were stained by DAPI
(Servicebio, Wuhan, China) and coverslipped with anti-
fade mounting medium (Servicebio, Wuhan, China). The
stained sections were imaged by fluorescence microscope
(Nikon Eclipse C1). The exposure settings were adjusted to
minimize oversaturation.

4.12 Immunohistochemistry

Immunohistochemistry analysis was performed as pre-
viously described.44 After antigen retrieval and blocking

by goat serum, the slides were added with Ki67 anti-
body (Cell Signaling Technology, 9449) or p-AKT anti-
body (Cell Signaling Technology, 4060) overnight at 4◦C.
After washing, the slides were incubated with horseradish
peroxidase (HRP)-linked secondary antibodies of a uni-
versal two-step test kit (BOSTER, SV002), and the color
was visualized with DAB (Servicebio, Wuhan, China).
In the end, the slides were stained with hematoxylin
and sealed with neutral resin. The stained sections were
imaged using fluorescence microscopy (Nikon Eclipse
C1). The exposure settings were adjusted to minimize
oversaturation.

4.13 Statistical analysis

All measurement data were expressed as the mean ±

SD and were analyzed by GraphPad Prism software (San
Diego, CA, USA) with Student’s t-test. We regarded p-
values <0.05 as statistically significant.
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