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Abstract. Colorectal cancer (CRC) has a rising morbidity
worldwide and its resistance to chemotherapy has been
observed in clinical treatment. Tumor suppressor p53 is
well-studied in CRC, but little is known about its effects
during DNA damage of CRC cells. This study was aimed
at uncovering potential mechanisms of p53 regarding
microRNA-374b and v-akt murine thymoma viral oncogene
homolog 1 (AKT1) during DNA damage of CRC cells. CRC
cells HCT116 and HT29 were transfected with p53-specific
small interfering RNA (siRNA), p53 overexpression vector or
miR-374b inhibitor, and then treated with 10 uM bleomycin
(BLM) for 24 h to induce DNA damage. Primary (pri),
precursor (pre) and mature miR-374b levels were quantified
by qRT-PCR. AKT1 and p53 protein levels were detected by
western blotting. Cell apoptosis changes were assessed by
flow cytometry. AKT] mRNA was detected to be induced by
BLM treatment (P<0.05), but its protein level was strongly
inhibited. Knockdown of p53 reversed the inhibition of AKT1
protein by BLM. Overexpression of p53 in p53-knockout
HCT116 and HT29 cells upregulated the AKT1 regulator
miR-374b (P<0.05), and knockdown of p53 reversed the
induction of miR-374b by BLM. qRT-PCR suggested that
besides mature miR-374b, p53 could also promote pre-miR-
374b level (P<0.05), rather than pri-miR-374b. Moreover,
inhibition on miR-374b relieved the suppressed AKT1
protein, and reduced cell apoptosis induced by BLM. These
data depict the p53/miR-374b/AKT1 signaling that may regu-
late BLM-induced apoptosis in CRC cells, thus facilitating to
improve the outcome of chemotherapy in CRC.
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Introduction

Colorectal cancer (CRC) is a common malignancy in the
colon or rectum, which has a high morbidity and mortality
worldwide. In the United States, CRC has become the third
most common cancer among the top leading causes of cancer
death (1). Great efforts have been made to improve prognosis
and treatment outcome of CRC, such as the flexible sigmoid-
oscopy screening method, various prognostic biomarkers and
histopathological classification criteria (2-4). Current therapy
for CRC relies on surgery and adjuvant radiotherapy for rectal
cancer or chemotherapy for colon cancer (5). Unfortunately,
the resistance of CRC cells to chemotherapy impedes the
expected outcome of CRC treatment (6,7).

Chemotherapeutics usually utilize the cytotoxicity from
synthetic chemical drugs to inhibit cancer cell growth and
accelerate apoptosis. For instance, bleomycin (BLM) is widely
applied in cancer treatment for its induction of DNA damage in
proliferating cells (8). Several factors are revealed to strongly
affect the resistance of cancer cells to chemotherapy, including
v-akt murine thymoma viral oncogene (AKT), whose inhibitor
reduces resistance to chemotherapeutic drugs (9). Moreover,
some microRNAs are considered to be involved in the regula-
tion of drug resistance, such as microRNA-374b (miR-374b),
which can restore cisplatin sensitivity of pancreatic cancer
cells (10), suggesting avenues for enhancing effects of chemo-
therapy.

Substantial evidence supports that tumor protein p53
is a tumor suppressor in various diseases including CRC.
Expression of p53 can be induced by anticancer agents to
speed up CRC cell apoptosis and improve general health of
patients (11,12). Numerous studies have shown the participa-
tion of p53 in cancer cell response to DNA damage (13-15),
however, there are still much needs to be revealed about the
specific function and mechanism of p53 in CRC cells in
response to DNA damage.

The present study aimed to elucidate the mechanism of p53
in regulating CRC cell apoptosis in response to DNA damage.
The above-mentioned factors in chemotherapy, AKT1 and
miR-374b were also involved in this study in order to depict a
more detailed frame for p53 mechanism. CRC cell line HCT116
and HT29 were treated by BLM to induce DNA damage.
Cell transfection with p53-specific small interfering RNA
(siRNA), p53 overexpression vector or miR-374b inhibitor
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were performed to reveal the effect of these factors. These
experiments were expected to provide general knowledge for
p53 and its related factors in CRC cells upon DNA damage.

Materials and methods

Cell culture. Human colorectal cancer cell lines HCT116 and
HT?29 were purchased from ATCC (Manassas, VA, USA).
Knockout of p53 was performed by Genloci Biotechnologies
(Nanjing,China) to generate celllinesHCT116-p53 and HT26-
p53". The cells were separately cultured in ATCC-formulated
McCoy's 5A medium modified (ATCC) supplemented with
10% fetal bovine serum (FBS). The medium was changed
every three days and the cells were incubated at 37°C in
humidified atmosphere with 5% CO,.

Cell transfection. The complete coding sequence of human
p53 (GenBank accession no. AB082923) was inserted into
pcDNA3-flag vector (Novagen, Darmstadt, Germany), and
the correct plasmid was screened by sequencing. The specific
siRNA for p53 (si-p53), the negative control (si-control), miR-
374b inhibitor and inhibitor control were produced by Ribobio
(Guangzhou, China). Cell transfection was performed with
the assistance of Lipofectamine-2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's instructions. Before
transfection, the cells were seeded in FBS-free medium in
24-well plates (2x10° cells per well) to reach the confluence of
approximately 90%. The transfection complex was prepared
and added to each well to a certain concentration (1 yg/ml for
Flag-p53 and blank vector, 50 nM for si-p53 and si-control,
and 100 nM for miR-374b inhibitor and inhibitor control). The
plates were incubated at 37°C for 24 h and then cells were used
in further treatment and detection.

BLM treatment. BLM (Invitrogen) was dissolved in phosphate-
buffered saline (PBS) before use. After 24 h of incubation
for transfection, the cells were incubated in fresh medium
containing BLM of 10 #M, and then incubated for another
24 h (15). Cells with PBS treatment were set as control groups.
After BLM treatment, cells of each group were collected for
further analysis.

Cell apoptosis assay. Four groups of cells were detected
for cell apoptosis: cells transfected with miR-374b
inhibitor + BLM treatment, cells transfected with inhibitor
control + BLM treatment, and two control groups without
BLM treatment. Cell apoptosis assay was performed by
Annexin V-fluorescein isothiocyanate (FITC) and prop-
idium iodide (PI) staining followed by flow cytometry.
Annexin V-FITC Apoptosis Detection Kit I (Univ-Bio,
Shanghai, China) was used to stain the cells according to the
manufacturer's instructions. Briefly, the density of cells was
adjusted to 1x10%ml, and 200 pl was used for each assay.
The cells were washed in PBS two times and resuspended in
100 pl binding buffer with 2 1 Annexin V-FITC, and then
incubated in the dark on ice for 15 min. PBS (400 ul) and
1 p1 PI solution was added and the samples were immediately
detected by a flow cytometry FACSCanto II (BD Biosciences,
San Jose, CA, USA). FITC-positive and PI-negative cells
were considered as apoptotic cells.
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Figure 1. Knockdown of p53 abrogates the bleomycin (BLM)-suppressed
v-akt murine thymoma viral oncogene homolog 1 (AKT1) protein level.
Colorectal cancer HCT116 cells were transfected with the specific small
interfering RNA for p53 (si-p53) or negative control (si-control), and then
treated with BLM to induce DNA damage. (A) Western blot detection of
the protein level changes of AKT1 and p53. GAPDH is an internal control.
(B) gRT-PCR detectiom of the elevated AKT/ mRNA level in untransfected
HCT116 cells after BLM treatment. "P<0.05 compared to the control group.

qRT-PCR. RNA samples of cells were isolated with TRIzol
(Invitrogen) according to the manufacturer's instructions and
purified with RNA purification kit (Tiangen, Beijing, China).
The quantification of miRNAs were performed based on a
previous study (16). Reverse transcription for pri-miRNAs was
performed with 1 xg RNA for each sample under the catalysis
of SuperScript IIT Reverse Transcriptase (Invitrogen). Reverse
transcription for pre-miRNAs and mature miRNAs were
performed by One Step PrimeScript miRNA cDNA Synthesis
(Takara, Dalian, China). qRT-PCR was conducted on
QuantStudio 6 Flex Real-time PCR System (Applied
Biosystems, Carlsbad, CA, USA), and the reaction conditions
were: pre-denaturation at 95°C for 10 min, 40 cycles of 95°C
for 30 sec, 64°C for 30 sec and 72°C for 30 sec, followed by a
melting curve of 95°C for 15 sec, 60°C for 1 min and 95°C for
15 sec. Each reaction sample contained 20 ng complementary
DNAs and a pair of specific primers for mature miR-374b-5p
(forward: 5-CACTC CAGCT GGGAT ATAAT ACAAC
CTGC-3' and reverse: 5-TGGTG TCGTG GAGTC G-3'), pre-
miR-374b (forward: 5'-CCTAT ATTAT GTTGG ACG-3' and
reverse: 5'-CTGTG CCTGT TACTA TTATG-3"), pri-miR-
374b (forward: 5'-ACCAT CTGCT CTCGG TATG-3' and
reverse: 5'-CCTGG AGTGG TGCTC CTCTG-3'), pre-miR-34
(forward: 5-GGCCT CGACA CTCAC AAA-3" and reverse:
5'-GGTGT TGCAC GTCGT GAA-3") or pri-miR-34 (forward:
5'-GAGGC CTACG GCACC TGG-3' and reverse: 5-GAGCG
AAGTA GAAGG GAGAA-3"). Results were normalized by
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Figure 2. Knockdown of p353 abrogates the bleomycin (BLM)-induced miR-374b level in HCT116 and HT29 cells. p53”- HCT116 and HT29 cells were
transfected with Flag-tagged p53 overexpression vector. Wild-type HCT116 and HT29 cells were transfected with the specific small interfering RNA for p53
(si-p53) or negative control (si-control), and then treated with BLM to induce DNA damage. (A) p53 overexpression induces miR-374b level in p53”- HCT116
and HT29 cells. (B) Western blot detection of v-akt murine thymoma viral oncogene homolog 1 (AKT1) protein and p53 protein (by anti-Flag antibodies) in
HCT116 and HT29 cells (p537). GAPDH is an internal control. (C) qRT-PCR shows that BLM elevated miR-374b level in wild-type HCT116 and HT29 cells,
but this effect is abrogated when knocking down p53. "P<0.05, “P<0.01, ““P<0.001.

GAPDH (forward: 5-GGTGA TCCTG GTGAA GGAGA-3'
and reverse: 5-CTTAA TGTGC CCGTC CTTGT-3") for pri-
miRNAs or U6 (forward: 5'-CTCGC TTCGG CAGCA CATAT
ACT-3' and reverse: 5'-ACGCT TCACG AATTT GCGTG
TC-3") for miR-374b or pre-miRNAs. Similarly, AKT
homolog 1 (AKT1) mRNA level was detected with its specific
primers (forward: 5'-GAAGG TGAAG GTCGG AGTC-3' and
reverse: 5'-GAAGA TGGTG ATGGG ATTTG-3') and normal-
ized by GAPDH. Data were calculated with the 224 method.

Western blotting. Protein samples from cells were isolated
with M-PER mammalian protein extraction reagent (Thermo
Scientific, Carlsbad, CA, USA) and quantified with Bio-Rad
Protein Assay (Bio-Rad, Hercules, CA, USA). Protein was
separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and blotted to polyvinylidene fluoride membranes.
The blots were blocked in 5% skim milk overnight at 4°C, and
then incubated in rabbit monoclonal antibodies against AKT1
or p53 (1:1000, ab32505 and ab32049, Abcam, Cambridge,
UK) for 2 h at room temperature. Anti-GAPDH antibodies
(1:1000, ab9485) were used as an internal control. After
washed in PBS 3 times (5 min each time), the blots were
incubated in horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibodies (1:2000, ab7090) for 1 h at
room temperature. Signals were developed by EasyBlot ECL
kit (Sangon Biotech, Shanghai, China) and the relative density

was analyzed by ImageJ 1.49 (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. All experiments were performed in
triplicate. Results are presented as mean + standard devia-
tion. Data were analyzed with one-way analysis of variance
(ANOVA) and t-test by SPSS 20 (IBM, New York, NY, USA).
Difference between groups was considered significant at
P<0.05.

Results

P53 promotes miR-374b and inhibits AKTI protein in response
to DNA damage. Since AKT has been found to be involved in
regulation of cell sensitivity to chemotherapy, this study began
with analyzing the relationship between p53 and AKT1 in
HCT116 cells. Western blotting showed that BLM treatment
decreased AKTI protein and increased p53 protein (Fig. 1A).
However, the effect of BLM treatment was abrogated and
AKT1 protein was increased when p53 was knocked down,
implying that the suppression of AKT1 by BLM treatment was
dependent on p53.

The underlying mechanism between p53 and AKTI is
unknown. To solve this, we detected AKTI mRNA levels in
HCT116 cells before and after BLM treatment, and found that
BLM treatment could significantly upregulate AK7/ mRNA
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Figure 3. p53 regulates the processing of pri-miR-374b. Overexpression of p53 by its Flag-tagged vector and knockdown of p53 by its small interfering RNA
(si-p53) were performed in p537 and wild-type HCT116 cells, respectively. qRT-PCR was conducted to quantify miRNA levels. pri-miR-34 and pre-miR-34
were used as positive controls. (A) p53 overexpression does not affect pri-miR-374b level in p53” HCT116 cells. (B) p53 overexpression induces pre-miR-374b
in p53 HCT116 cells. (C) Bleomycin (BLM) treatment or p53 knockdown does not affect pri-miR374b in wild-type HCT116 cells. (D) pre-miR-374b is
induced by BLM treatment and then inhibited by p53 knockdown in wild-type HCT116 cells. "P<0.05, “P<0.01, “*P<0.001. NS, not significant.

levels (P<0.05, Fig. 1B), which showed an opposite changing
pattern compared to its protein level. In light of the disparity,
it was likely that AKT1 was inhibited post-transcriptionally.
Through searching TargetScanHuman 7.0 (17), we found
AKTI mRNA could be regulated by several miRNAs, among
which miR-374b was related to cell chemosensitivity, and has
been revealed as a direct up-stream factor of AKTI mRNA in
C2C12 myoblasts (18). Thus, miR-374b was introduced into
this study.

Factors p53, AKT1 and miR-374b were detected in the
CRC cell lines HCT116 and HT29. Overexpression of p53
in the cell lines (p537) significantly induced miR-374b level
(P<0.05 or P<0.01, Fig. 2A), and AKT1 protein expression
was inhibited (Fig. 2B), which further suggested the reverse
regulation between p53 and AKT1 protein. Then knockdown
of p53 and BLM treatment were performed in wild-type cells.
miR-374b level was significantly induced by BLM treatment
(P<0.05 or P<0.01, Fig. 2C), while it was significantly inhib-
ited when p53 was knocked down (P<0.01), suggesting that
the induction of miR-374b by DNA damage was also depen-
dent on p53. Taken together, p53 might promote miR-374b to
inhibit AKT1 protein expression in response to DNA damage
in CRC cells.

p53 regulates the processing of pri-miR-374b. Next, the regula-
tion of miR-374b by p53 was investigated. miRNA generation
is composed of the processing of pri-miRNA to pre-miRNA,
and pre-miRNA to mature miRNA (16), thereby the regula-
tion of pri-miR-374b and pre-miR-374b by p53 was detected
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Figure 4. miR-374b inhibitor reduces the percentage of apoptotic cells in
bleomycin (BLM)-induced HCT116. HCT116 cells were transfected with
miR-374b inhibitor and then treated with BLM. (A) Western blot showing
miR-374b inhibitor elevates v-akt murine thymoma viral oncogene homolog
1 (AKT1) protein that is suppressed by BLM treatment. (B) Quantified
flow cytometry result showing cell apoptosis induced by BLM treatment is
suppressed by miR-374b inhibitor. "P<0.05, “P<0.01, *"P<0.001.
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Figure 5. The cascade regulated by p53 in colorectal cancer (CRC) cells in response to DNA damage. DNA damage induces synthesis of p53 and v-akt
murine thymoma viral oncogene homolog 1 (AKT1) mRNA, while it does not change the transcription of primary miR-374b (pri-miR-374b). The elevated p53
somehow stimulates the activity of RNase III enzyme Drosha to promote the processing of pri-miR-374b, thus generating more precursor miR-374b (pre-miR-
374b) and mature miR-374b (by RNase III enzyme Dicer). miR-374b directly targets AKTI mRNA and inhibits the translation process, thereby the AKT1
protein level is decreased, contributing to CRC cell apoptosis. Red color indicates factors or processes that are promoted; blue color indicates factors that are
suppressed; grey color indicates factors that are not changed in the cascade; green color indicates the RNase III enzymes Drosha and Dicer.

via qRT-PCR method, respectively. Moreover, miR-34 tran-
scription is modulated by p53, thus it was used as a positive
control, and results showed both pri-miR-34 and pre-miR-34
were markedly upregulated by p53 in p537 HCT116 cells
(P<0.05 or P<0.01, Fig. 3A and B). Although pre-miR-374b
was elevated by p53 (P<0.05), no significant change was
found in pri-miR-374b level, which implied that p53 did not
impact pri-miR-374b.

Consistently, in the wild-type HCT116 cells with p53 knock-
down and BLM treatment, it was found that pri-miR-374b was
not affected by BLM or si-p53 (Fig. 3C), but pre-miR-374b
could be upregulated by BLM treatment (P<0.01) and then
suppressed by si-p53 (P<0.05, Fig. 3D). Together with the
previous result that p53 could regulate mature miR-374b, it
was possible that the regulation of miR-374b by p53 started
with the processing of pri-miR-374b to pre-miR-374b, rather
than the transcription of pri-miR-374b.

Inhibiting miR-374b reduces BLM-induced CRC cell
apoptosis. Finally, the regulation of AKT1 and HCT116
cell apoptosis by miR-374b was analyzed. Western blot-
ting showed that miR-374b inhibitor clearly relieved the
BLM-induced inhibition on AKT1 protein (Fig. 4A), implying
that miR-374b might help to suppress AKT1 expression. Since
AKTI mRNA was predicted to be a direct target of miR-374b,
it was possible that miR-374b directly suppressed the transla-
tion of AKT]1 protein.

HCT116 cell apoptosis was detected by flow cytometry
after miR-374b transfection and BLM treatment. Changes
in apoptotic cell percent indicated that BLM induced cell
apoptosis (P<0.01, Fig. 4B). Cell apoptosis was also elevated
by BLM when miR-374b was inhibited (P<0.05), which,

however, was significantly weakened because of the inhibited
miR-374b (P<0.001). Thus suppressing miR-374b was able
to inhibit HCT116 cell apoptosis upon DNA damage, which
might be the result of the decreased sensitivity of HCT116
cells to BLM.

Discussion

Cancer cells respond differently to chemotherapy-induced
DNA damage. In this study, BLM treatment induces p53
expression and upregulation of AKT/ mRNA, but AKTI
protein levels is downregulated in CRC HCT116 cells. Further
analyses indicated p53 regulates the generation of pre-miR-
374b, but did not affect pri-miR-374b level. When miR-374b
is inhibited, AKT1 protein level arises and the HCT116 cell
apoptosis is suppressed.

After pri-miRNAs are transcribed from the genome,
they go through various procedures before generating
mature miRNAs, two main steps among which are the crop-
ping of pri-miRNAs to pre-miRNAs by RNase III enzyme
Drosha and the dicing of pre-miRNAs to mature miRNAs
by RNase III enzyme Dicer (19). The transcription of pri-
miRNAs from the genome is also regulated by various
factors in their promoter (20,21). However, pri-miR-374b
level was not affected by up- or down-regulation of p53 in
HCT116 cells, suggesting that p53 has no dominant effect on
the transcription of pri-miR-374b, although the possibility of
its direct binding to the miR-374b promoter cannot be ruled
out according to previous findings (22). pre-miR-374b and
mature miR-374 levels could be promoted by p53, implying
that p53 may promote the cropping step of miR-374b genera-
tion. Since p53 is a nuclear protein (23), it is less possible
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to regulate the dicing step. Moreover, existing evidence
supports that p5S3 can modulate Drosha, and mutant p53
severely affected Drosha activity (24,25). Thereby the results
in this study demonstrate that p53 regulates the processing
from pri-miR-374b to pre-miR-374b.

AKTI mRNA was conjectured to be a direct target of miR-
374b according to the prediction on TargetScanHuman 7.0
database. AKTI mRNA level was elevated, while its protein
level is obviously downregulated in response to BLM treat-
ment, suggesting a potential post-transcriptional regulation on
AKTI expression. miRNAs are powerful modulators of the
translational status (26); moreover, this study indicated that
AKT]1 protein level was promoted by miR-374b inhibitor,
implying a reverse regulation between the two factors. A
previous study found evidence that miR-374b directly targets
and inhibits AKTI mRNA, thus suppressing cell prolifera-
tion (27). Thus it is reasonable to speculate that miR-374b can
also inhibit the translation from AKTI mRNA to AKT]1 protein
in HCT116 cells, which constitutes the downstream part of the
p53 signaling.

Cell apoptosis was detected when miR-374b was inhibited,
and miR-374b inhibitor was able to suppress the BLM-induced
cell apoptosis, implying that miR-374b may promote HCT116
cell apoptosis. A similar role of miR-374b has been reported:
miR-374b elevates chemotherapeutic agent-induced apop-
tosis in T-cell lymphoblastic lymphoma cells (27). Besides
miR-374b, p53 and AKTI1 are also greatly involved in the
regulation of cell apoptosis, albeit playing different roles.
As a tumor suppressor, p53 induces cell apoptosis through
multiple pathways when DNA damage occurs or oncogene is
overexpressed (28,29), while AKT1 is a major AKT isoform
that protects against apoptosis, as reported in various cell
types including CRC cells (30-32). In this study, the induced
changes in p53, miR-374b, AKT1 and cell apoptosis were
consistent with existing studies on these factors, implying the
p53, miR-374b and AKT1 may participate in the regulation of
BLM-induced HCT116 cell apoptosis.

Based on the above results and discussion, a brief regulatory
cascade (Fig. 5) containing p53, miR-374b and AKT]I can be
depicted: in response to chemotherapy-induced DNA damage,
a series of changes may happen in the nucleus, including the
elevated expression of p53 and the promoted transcription
of AKTI mRNA. The transcription of pri-miR-374b seems
unaffected, but its processing to generate pre-miR-374b is
accelerated, possibly due to the increased Drosha activity by
p53. pre-miR-374b is transferred to the cytoplasm, where it
is diced into mature miR-374b by the Dicer. Although AKTI
mRNA level is upregulated, it is a potential direct target of
miR-374b and its translation is suppressed, thus leading to the
downregulation of AKT1 protein. Through this regulatory
cascade, pS3, miR-374b and AKT1 are capable of modulating
HCT116 cell apoptosis in response to DNA damage. More
details in the p53/miR-374b/AKT1 signaling are to be revealed
in further research.

Resistance to chemotherapy of cancer cells can be
modulated by p53 and AKTI. The role of p53 on cancer cell
sensitivity to chemotherapy may be conflicting (33), but most
studies demonstrated its promotive effects on the sensitivity
of cancer cells to chemotherapy (34,35). In addition, AKT]
gene polymorphism influences neoadjuvant chemotherapeutic
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sensitivity of cancer cells (36). In this study, the p53/miR-374b/
AKT1I signaling was demonstrated to play potential roles in
HCT116 cell apoptosis in response to BLM-induced DNA
damage, which implies the possibility of modulating these
factors to improve the sensitivity of CRC cells to chemotherapy.
In summary, this study uncovers the mechanism of p53
regarding the p53/miR-374b/AKT]1 signaling in regulating
HCT116 cell apoptosis in response to the BLM-induced DNA
damage. These results demonstrate the p53/miR-374b/AKT1
signaling, as a potential significant modulator, improves the
outcome of chemotherapy in treating CRC. Further efforts are
need to reveal more effects of this signaling on cancer cells.
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