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Alterations in expression levels of genes in pS3-related
pathways determined using RNA-Seq analysis in
patients with breast cancer following CIK therapy
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Abstract. The present study aimed at investigating the
underlying molecular mechanisms for patients following
cytokine-induced killer (CIK) therapy, particularly involving
the alterations in p53-associated signaling pathways, to
elucidate whether CIK therapy serves a function in cancer
treatment. Samples of blood were collected from patients
with breast cancer prior to and following CIK therapy. Two
group samples were used for RNA sequencing (RNA-Seq) to
determine the alterations in gene expression levels following
CIK therapy and one for the quantitative polymerase chain
reaction (QPCR), to analyze the reliability of RNA-Seq results.
The genes that may encode proteins associated with p53
pathways were selected and analyzed. The expression levels of
8 genes were analyzed, including tumor suppressor protein 53
(TP53), murine double minute homolog 2 (MDM?2), ribosomal
protein L11 (RPL11), ribosomal protein S23 (RPS23), sirtuin
1, histone deacetylase 1, tuberous sclerosis complex 1 (TSC1)
and mechanistic target of rapamycin (mTOR), and alterations
in expression levels following CIK therapy were determined.
However, only RPL11 and RPS23 were identified to exhibit
marked alterations in expression levels (FDR <0.05), which
was considered to be due to individual distinctions. qPCR
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analysis revealed that the expression levels of the RPL11, TP53
and TSCI genes were downregulated, and those of the RPS23
and MDM?2 genes were upregulated following CIK therapy.
Only MDM2 exhibited a marked alteration in the gene expres-
sion level following CIK therapy. Alterations in the expression
levels of TP53, RPLI11 and TSC1 were associated with those of
MDM2, RPS23 and mTOR, respectively.

Introduction

Breast cancer is the most frequently diagnosed cancer in
females and is currently the second most common cause of
cancer-associated mortality behind lung cancer (1,2). The
American Cancer Society estimated that, in the USA, 40,290
of 231,840 patients with newly diagnosed invasive breast
cancer would succumb to breast cancer in 2015 (3). It was also
predicted that, in 2015, <12% of females in the USA would
develop invasive breast cancer over their lifetime (4). One
type of breast cancer, triple-negative breast cancer (TNBC), is
characterized by the absence of the following genes: Estrogen
receptor a (ERa), progesterone receptor and human epidermal
growth factor receptor 2 (HER?2) (5). These genes are common
targets for therapy, which makes treatment of TNBC a chal-
lenge, due to the lack of expression of these target genes in
TNBC patients (5). Patients with TNBC are considered to
possess poorer clinical outcomes and exhibit an increased
rate of distant recurrence, compared with other types of breast
cancer.

Understanding types of cancer has enabled novel and
systemic treatments to be offered patients with breast cancer
in order to improve their prognosis. Cytokine-induced killer
(CIK) therapy is a new and widely used tumor-adoptive immu-
notherapeutic method which has been combined with surgery,
chemotherapy and radiation therapy to enhance the antitumor
effects (6-8). Autologous CIK cells have been widely accepted
as an effective therapeutic method for solid and hematological
malignances. The advantages of this therapy are numerous: CIK
therapy exhibits antitumor effects, is easily produced in vitro,
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possesses greater efficacy with fewer side effects compared
with radiotherapy or chemotherapy, and major histocompat-
ibility complex-unrestricted cytotoxicity (9). However, further
studies are required to investigate the signaling pathway and
underlying molecular mechanisms of CIK therapy.

The tumor suppressor and transcription factor p53 is
encoded by the tumor protein p53 (TP53) gene, and triggers
cell cycle arrest, cell proliferation, apoptosis and senescence
in response to a variety of cellular stress signals (10-12). Stress
signals activate the transcriptional activity of p53 and may also
induce stabilization of the protein through post-translational
modifications including phosphorylation (11-13). Degradation
of p53 by proteasomes is mediated by the ubiquitination of
murine double minute 2 (MDM?2) and this process may be
enhanced by the interaction of MDM?2 and phosphatase and
tensin homolog deleted on chromosome 10 (PTEN) (14-16).
TP53 gene mutations always result in a loss of wild-type p53
oncosuppressive properties, therefore numerous mechanisms
have been studied, including p53 mutations and deletions,
and MDM?2 amplification. p53 forms a homotetramer prior to
serving as a transcription factor and so expression of TP53
mutant variants may lead to novel oncogenic gain-of-function
(GOF) activities in cancer cells (17). Previous studies have
demonstrated that the incidence of p53 mutations differs
between various types of cancer, ranging from near universal
(~96% for serous ovarian cancer) to rare occurrence (<10% for
thyroid cancer) (18). The incidence of p53 mutations is between
18 and 25% for primary breast carcinomas (19). It has also been
demonstrated that GOF mutant p53 may be able to upregulate
CXC chemokines and enhance cell migration (20-23).

MDM?2, also known as human double minute (HDM) 2
in humans, is a negative regulator of p53 and may promote
p53 degradation by binding to the protein using its N-terminal
p53-binding domain (24). At the C-terminus of MDM?2, the
really interesting new gene (RING) domain is responsible for
p53 degradation, serving as an E3 ligase and aiding the forma-
tion of polyubiquitin chains (23). MDM2 is also able to inhibit
the transcriptional activation of p53 by binding to the protein
at the N-terminus and promoting p53 degradation (25). In a
number of human cancers, MDM?2 is overexpressed, and is
associated with poor prognosis in cancers including sarcoma,
acute lymphocytic leukemia and glioma (26). MDM?2 may
interfere with p53-mediated apoptosis in tumors (27) and
cause carcinogenesis independently of the p53 signaling
pathway (25). Previous studies have identified that loss of
MDM2 mimics the inhibition of the MDM2-p53 interaction
and increases the stabilization of mutant p53 and the incidence
of metastasis (28,29).

Although CIK therapy is administered to patients with
breast cancer, and accepted as a form of therapy, the molecular
mechanisms and pathways of CIK therapy remain unclear.
Previously, it was proposed to use RNA sequencing (RNA-Seq)
to detect the gene expression changes in 2 patients with breast
cancer (Zhou et al, unpublished data). Samples from a third
patient with breast cancer were analyzed using the quantitative
polymerase chain reaction (QPCR) to assess the reliability of
RNA-Seq results. Samples of blood were collected prior to and
following CIK therapy from the patients with breast cancer. In
the present study, the expression levels of 9 genes were deter-
mined [TP53, p85, MDM2, MDM4, ribosomal protein L11
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(RPL11), ribosomal protein S23 (RPS23), sirtuin 1 (SIRT1),
histone deacetylase 1 (HDACI), tuberous sclerosis complex 1
(TSC1) and mechanistic target of rapamycin (mTOR)]. The
expression levels of genes which may regulate the expression
or activity of p53 (8/9 genes aforementioned) were determined
using RNA-Seq. MDM?2 only demonstrated a marked altera-
tion in expression levels subsequent to CIK therapy For the
genes that were able to regulate the expression or activities
of p53, the expression levels of 8 genes out of 9 (except p85)
were determined using RNA-Seq, with only MDM2 identified
to be significantly altered in expression levels following CIK
therapy. The present study demonstrated that in a number of
breast cancers, alterations in the expression of TP53 were
associated with alterations in the expression of MDM4. This
pattern of association was also observed between the RPL11
and RPS23 genes, and the TSC1 and mTOR genes.

Materials and methods

Patient samples. In the present study, mononuclear cells were
collected from three female patients with breast cancer (age
range, 37-55 years) in March 2016 in Wuhan Integrated TCM
and Western Medicine Hospital (Wuhan, China), 2 weeks after
the patients had completed chemotherapy or radiation. The
cells were separated from the patient's peripheral blood and
cultured for 14 days, following which the CIK cell number,
viability and phenotype were determined to confirm safety for
infusion. Patients were administered three intravenous infu-
sions of >5x10° CIK cells at 1 day intervals. The peripheral
blood from 3 patients with breast cancer was collected prior
to and following CIK therapy. The present study was approved
by the ethical review board of the Wuhan Integrated TCM
and Western Medicine Hospital (Wuhan, China), and written
informed consent was obtained from all participants.

cDNA preparation. Peripheral blood, collected from the
patients, was first separated using lymphocyte separation
medium (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA)
and lymphocytes were collected for cDNA preparation.
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), trichloromethane, isopropanol and ethyl alcohol,
were used to extract RNA, according to the manufacturer's
protocol (Invitrogen; Thermo Fisher Scientific, Inc.). A total
of 40 pul nuclease-free water was used to resuspend RNA
and a NanoDrop 2000 instrument (Thermo Fisher Scientific,
Inc.) was used to determine the quantity and purity of RNA.
The absorbance at 260 nm was determined and the absor-
bance ratio at 260/280 was calculated. Finally, a Moloney
murine leukemia virus Reverse Transcriptase kit (Promega
Corporation, Madison, WI, USA) was used to generate the
final cDNA library from the total extracted RNA.

Two paired samples were selected for RNA-Seq, termed
L_1 (prior to CIK therapy) and L_2 (following CIK therapy)
for one patient and Z_1 (prior to CIK therapy) and Z_2
(following CIK therapy) for the other patient. Samples from
another patient were used for qPCR analysis.

qPCR validation. qPCR was conducted to re-analyze selected
genes listed in Table I and to determine the validity of
sequencing data. PCR amplifications were performed using
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Table I. Primers used in the quantitative polymerase chain reaction.

Gene Forward (5'-3") Reverse (5'-3")

TP53 TCAGCATCTTATCCGAGTGGAA AGGGCACCACCACACTATGTC
TSCI GAAAGCCGCCTATCGGAAA TCCGTTTTTGGGAGGTATCAAG
RPLI11 CGCATCCGCAAACTCTGTCT TCCGGATGCCAAAGGATCT
RPS23 CGAGACCAGAAGTGGCATGA GCATGAGAAGCACCTCCAAAAG
MDM?2 CAGGCAGGGGAGAGTGATA GTGATGGAAGGGGGGGATT
GAPDH CATGAGAAGTATGACAACAGCCT AGTCCTTCCACGATACCAAAGT

GADPH was used as an internal control. TP53, tumor protein 53; TSC1, tuberous sclerosis complex 1; RPL11, ribosomal protein L11; RPS23,

ribosomal protein S23; MDM?2, murine double minute 2 homolog.

Table II. Detailed information of the MDM?2 gene for two patients using RNA sequencing.

MDM?2 gene Patient 1 Patient 2
Fold change 23 30
Log, (fold-change) 1.2 1.6
P-value 2.3x10™ 2.3x107
FDR 5.9x10™" 4.6x10°
Expression change Up Up
Expression following therapy 409 440
Expression prior to therapy 17.8 14.5

Description

E3 ubiquitin-protein ligase MDM?2

E3 ubiquitin-protein ligase MDM2

FDR, false discovery rate; hsa, human; MDM2, murine double minute 2 homolog.

200 ng cDNA, 10 ul SYBR® gPCR Mix (CWBIO, Beijing,
China) and 0.4 ul (10 uM) primers (Table I). For each gene
tested, 3 replicates were performed and the GAPDH gene was
used as the internal reference gene. RNase-free H,O (CWBIO)
was added to the mixture to a final volume of 20 ul. Following
heating to 95°C for 10 min, 40 cycles of 5°C for 15 sec, 55°C for
30 sec and 72°C for 30 sec were applied. The 224% method (30)
was used for relative gene expression level analysis.

Results

Data from RNA-Seq. From a previous study (Zhou et al,
unpublished data), the MDM?2 gene was detected in the
2 paired samples using RNA-Seq. Expression changes were
demonstrated in the 2 patients prior to and following CIK
therapy, with an increase of 2.1-fold for 1 patient and 3.05-fold
for the other patient (Table IT).

Vijayakumaran et al (31) demonstrated that p53 expres-
sion, particularly mutant p53 in cancer cells, may be
regulated by several proteins and microRNAs (miRs). The
proteins that may control p53 proteasomal degradation
include MDM?2, MDM4, RPLI11, RPS23, p85, cell division
control protein 42 (CDC42), SIRT1, HDACI1, TSC1 and the
mTOR signaling pathway. In the present study, attempts
to identify additional proteins associated with p53, other
than MDM2, in CIK therapy were carried out. The data

collected using RNA-Seq (Table III) demonstrated altera-
tions in the expression levels of the TP53, MDM4, RPL11,
RPS23, SIRT1, HDACI1, TSC1 and mTOR genes identified
in the two paired samples. Analysis of results revealed that
only the RPL11 and RPS23 pseudogenes were detected
with significant alterations in expression [false discovery
rate (FDR) <0.05] in the two paired samples. Additionally,
marked changes in the expression level of the mTOR gene
was determined in one of the paired samples which was
possibly due to individual differences.

qPCR validation of gene transcription. To confirm the validity
of RNA-Seq data and previous studies (Zhou et al, unpub-
lished data) on p53 regulation, the expression levels of genes,
including TP53, MDM2, RPL11, RPS23 and TSCI1, were all
analyzed by qPCR. The results identified that the RPL11, TP53
and TSCI genes were all downregulated following therapy for
one patient, and the RPS23 and MDM?2 genes were upregu-
lated following CIK therapy (Fig. 1).

Discussion

RNA-Seq and qPCR identified 3 genes, MDM2, TP53 and
TSCl, of the third patient with similar alterations to those of
one of the patients with samples termed L_2 and Z_2. The
distinctions were possibly due to individual variations.
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Table III. Detailed information of gene expression levels for
two patients using RNA sequencing.

mRNA L 1 L 2 Z 1 Z2

CDC42 165 252 389 248
HDACI1 134 294 344 288
MDM4 51 120 141 81
mTOR 75 128 147 53
RPLI11 2,045 3,260 4,589 3,790
RPS23 490 722 1,008 695
SIRT1 8 17 29 18
TP53 26 119 96 57
TSCl1 72 105 122 79

CDC42, cell division control protein 42 homolog; HDACI, histone
deacetylase 1; MDM2, murine double minute 2 homolog; MDM4,
mouse double minute 4 homolog; mTOR, mechanistic target of
rapamycin; RPL11, ribosomal protein L11; RPS23, ribosomal protein
S23; SIRT1, sirtuin (silent mating type information regulation 2
homolog) 1; TP53, tumor suppressor protein 53; TSC1, tuberous
sclerosis complex 1.

D Before

1.5+

Expression relative to GAPDH
s
L

RPL1 RPS23 TSCl MDM2

TP53
Gene

Figure 1. Results of the quantitative polymerase chain reaction. RPL11, ribo-
somal protein L11; RPS23, ribosomal protein S23; TP53, tumor protein 53;
TSCI, tuberous sclerosis complex 1; MDM2, murine double minute 2
homolog.

In normal cells, transcription factor p53 is regulated and
maintained at low expression levels by MDM2. As an E3
ubiquitin ligase, MDM?2 is able to bind to p53 specifically
by its N-terminus, form ubiquitin chains on p53 by the cata-
Iytic RING domain at the MDM?2 C-terminus and result in
proteasomal degradation of p53 (24). The MDM2-p53 inter-
action is complex, and is regulated at a number of levels by
numerous cellular proteins and epigenetic mechanisms. In
~50% of human cancers, the gene TP53 is mutated, including
deletion, loss-of-function and gain-of function mutations;
however, ~17% of tumors exhibit MDM?2 gene amplification.
Although p53 induces the expression of MDM?2, overexpres-
sion of MDM?2 may promote the degradation and inhibit the
cellular activity of p53. Therefore, increased expression levels
of MDM2 may lead to the inhibition of MDM?2-p53 interac-
tions, which will lead to downregulation of p53 pathways
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by promoting the degradation of wild-type and mutated p53
proteins.

In the present study, the expression levels of MDM?2 were
determined by RNA-Seq in the two samples with mark-
edly upregulated alterations following CIK therapy. Similar
alterations in the third patient were confirmed by qPCR. The
primary function of MDM?2 is to promote degradation of p53,
and, therefore, the results of the present study indicated that
the signaling pathways and underlying molecular mechanisms
of CIK therapy for breast cancer enhanced apoptosis of cells,
particularly in cancer cells with p53 mutations. Subsequently,
the expression levels of the TP53 gene were analyzed and
it was revealed that TP53 was expressed in the two paired
samples, with no marked alterations following CIK therapy.
However, results from one paired sample demonstrated that
the expression of TP53 was upregulated following therapy,
whereas the other sample revealed downregulation following
treatment. As in ~50% of human cancers, the TP53 gene is
mutated in a number of ways, including simple mutation, dele-
tion, loss-of-function and gain-of function. It was hypothesized
that if the patients developed breast cancer due to p53 muta-
tions, the pathways and underlying molecular mechanisms of
CIK therapy may be associated to degrade mutant p53 proteins
and to promote apoptosis of cells with the TP53 mutants. This
hypothesis, that downregulated expression of pS3 was caused
by elimination of non-recoverable p53 mutants, requires addi-
tional study.

The expression of wild-type p53 may lead to apoptosis
of cells by upregulating target genes including p21, B-cell
lymphoma 2 (Bcl-2)-like protein, p53 upregulated modulator
of apoptosis and phorbol 12-myristate 13-acetate-induced
protein 1 (32). However, the pathways and underlying molec-
ular mechanisms of p53-mediated tumor suppression remain
unclear. In breast cancers with mutant p53, the signaling
pathways associated with p53 for apoptosis differ from those
in normal cells. In a previous study of acute myeloid leukemia,
Bcl-2, inhibited by p53-mediated signaling pathways, may
induce apoptosis in mitochondria (33). In addition, the upregu-
lated expression of MDM?2 may induce apoptosis through this
aforementioned signaling pathway by enhancing the degrada-
tion of p53. These hypotheses suggest additional signaling
pathways for CIK therapy.

MDM2 may negatively regulate the transcriptional activity
of p53 by monoubiquitin to trigger p53 from nuclear exporta-
tion (34). It may be an additional signaling pathway mediated
by MDM2 and p53 for CIK therapy with non-recoverable p53
mutations.

MDM4 is a primary negative regulator of p53, similar to
MDM2, and is known as MDMX and HDMX. MDM4 is a
homologous MDM?2 protein that may be induced by p53 and
assist in the maintenance of low p53 expression levels in normal
cells (35). MDM4, similarly to MDM?2, is overexpressed in
human cancers including sarcoma and breast cancer with inci-
dences of ~20 and 15%, respectively (17). The MDM2-MDM4
heterodimer is formed via the binding of the C-terminus of
the two proteins, although MDM4 does not possess E3 ligase
activity at C-terminus, unlike MDM2. MDM4 may enhance
ubiquitination on p53 by forming MDM2-MDM4 heterodi-
mers (36) and inhibit the transcriptional activity of p53 by
binding to it via its N-terminus (37). In the present study, the
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expression levels of MDM4 were altered in the two paired
samples with FDR values >0.05, which means that these alter-
ations were not marked. The alterations in MDM4 expression
levels were distinct between patients, similar to that observed
in TP53, with expression upregulated for one patient and
downregulated for another. It was identified that the patient
with upregulated expression levels of TP53 additionally exhib-
ited upregulated expression of MDM4 and the other patient
exhibited downregulated expression of these two genes. The
results demonstrate that, for a number of patients with breast
cancer, alterations in the expression levels of TP53 were
associated with that of MDM4. Therefore, it was hypothesized
that the trend of expression levels observed in patients with
cancer following CIK therapy were due to the distinct expres-
sion patterns in the MDM4 gene, as MDM4 may enhance p53
degradation by forming MDM2-MDM4 heterodimers (35).
The results may validate the previous hypothesis that MDM2
serves a function in CIK therapy, through p53-mediated
signaling pathways including leading to apoptosis.

The expression levels of p53, MDM?2 and MDM4 may all
be regulated by distinct miRs. For example, miR-192, -194,
-215, -143, -145 and -605 may enhance the expression levels of
p53 through the suppression of MDM?2 expression, and subse-
quently the expression levels of these miRs may be upregulated
by p53 (38). Additional studies are required to investigate the
regulation mechanisms of p53, MDM?2 and MDM4 following
CIK therapy for patients with cancer.

Expression levels of p53 may be additionally regulated by
other proteins, including RPL11, RPS23, p85, CDC42, SIRT1,
HDACI, TSCI and the mTOR signaling pathway (31). According
to a previous study, RPL11 may enhance the expression levels of
p53 through inhibiting MDM?2, whereas RPS23 may enhance
the activity of RPL11 by inducing ribosomal stress (31). In the
present study, the expression of the RPL11 and RPS23 genes
were determined using RNA-Seq in two paired samples and
identified increased expression levels, particularly for the RPLI11
gene (Table IIT). The expression levels of these two aforemen-
tioned genes did not markedly alter, with an FDR value >0.05.
The expression level of RPL11 was upregulated in the two paired
samples, whereas the expression level of RPS23 was upregulated
for one patient and downregulated for another. The results of
the present study revealed that the expression level of RPL11
was markedly altered for one patient when the expression level
of RPS23 was upregulated. However, when the expression level
of RPS23 was downregulated, the expression levels of RPL11
did not alter as much following therapy. As a ribosomal protein,
RPL11 may bind to MDM2 and block its inhibition of p53 (39),
which may lead to a novel hypothesis that the expression levels of
RPLI11 were associated with those of RPS23. Additional studies
are required to determine the functions of these aforementioned
proteins in p53- and MDM2-mediated pathways for patients
with cancer following CIK therapy.

TSC1 may enhance the activities of p53 through inhibition
of the mTOR signaling pathway (31). In the present study, the
expression levels of two genes, TSC1 and mTOR, were upregu-
lated in one paired sample and downregulated in another
patient following CIK therapy. These results suggest that the
expression levels of mTOR may be associated with those of
TSCI. Elucidation of the function and underlying molecular
mechanisms of TSC1 and mTOR in p53-mediated pathways in
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patients with cancer following CIK therapy requires additional
study.

p85, CDC42, SIRT1 and HDACI may inhibit the activity
of p53 directly. According to the RNA-Seq data, the trends in
expression levels of CDC42 and HDACI were similar to those
of TSCI and mTOR. The expression levels of SIRT1 were
decreased, with upregulation in the two patients. However, no
signals were determined with respect to the expression of p85,
suggesting that p85 may not be expressed in these two patients.

In the present study, expression levels of 9 genes were
analyzed, including TP53, MDM2, MDM4, RPL11, RPS23,
SIRT1, HDACI, TSC1 and mTOR. For the genes that may
regulate the expression or activity of p53, the expression levels
of 8/9 genes were determined by RNA-Seq, with only MDM2
identified as markedly altered following CIK therapy. In addi-
tion, the alterations in the expression levels of TP53, RPLI1
and TSC1 were associated with that of MDM4, RPS23 and
mTOR, respectively. The aforementioned proteins may regu-
late the expression and activity of p53 at different levels in
signaling pathways. Elucidation of the function and underlying
molecular mechanisms of these proteins in p53-mediated
signaling pathways in patients with cancer following CIK
therapy requires additional study. Furthermore, the expression
levels and activity of these proteins are regulated by additional
proteins and miRNAs. Additional studies are required to
investigate the upstream signaling pathways mediated by the
aforementioned 8 genes through the expression changes of
target genes for patients with cancer following CIK therapy.
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