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Abstract. Overexpression of c‑Myc is involved in the tumori-
genesis of B‑lineage acute lymphoblastic leukemia (B‑ALL), 
but the mechanism is not well understood. In the present study, a 
c‑Myc‑knockdown model (Raji‑KD) was established using Raji 
cells, and it was indicated that c‑Myc regulates the expression 
of genes associated with cell cycle progression in G2/M‑phase, 
cyclin D kinase (CDK)1 and cyclin B1, by modulating 60 kDa 
Tat‑interactive protein (TIP60)/males absent on the first 
(MOF)‑mediated histone H4 acetylation (AcH4), which was 
then completely restored by re‑introduction of the c‑Myc gene 
into the Raji‑KD cells. The expression of CDK1 and cyclin B1 
was markedly suppressed in Raji‑KD cells, resulting in G2/M 
arrest. In comparison to Raji cells, the proliferation of Raji‑KD 
cells was significantly reduced, and it was recovered via 
re‑introduction of the c‑Myc gene. In the tumorigenesis assays, 
the loss of c‑Myc expression significantly suppressed Raji 
cell‑derived lymphoblastic tumor formation. Although c‑Myc 
also promotes Raji cell apoptosis via the caspase‑3‑associated 
pathway, CDK1/cyclin B1‑dependent‑G2/M cell cycle progres-
sion remains the major driving force of c‑Myc‑controlled 
tumorigenesis. The present results suggested that c‑Myc 
regulates cyclin B1‑ and CDK1‑dependent G2/M cell cycle 
progression by TIP60/MOF‑mediated AcH4 in Raji cells.

Introduction

Acute lymphoblastic leukemia (ALL) is the most common 
malignancy in pediatric patients, whose malignant white blood 

cells continuously multiply and lead to an excess of lympho-
blasts in peripheral blood and bone marrow (1). During the past 
decade, several genetic and transcriptional factors have been 
identified as aberrant in B‑ALL, which is a common subtype 
of ALL. Among these factors, overexpression of c‑Myc is the 
main characteristic of B‑ALL (2,3). 

The c‑Myc protein belongs to a larger family of the 
helix‑loop‑helix leucine zipper (HLHzip) transcription 
factors. The C‑terminal basic region HLHzip domain and 
the N‑terminal transcriptional activation domain (TAD) are 
essential for the activation and repression of target genes (4). 
c‑Myc forms a heterodimer with Max to bind target DNA 
sequences through the canonical E box DNA binding motif 
(CACGTG)  (5). Transcription/transformation‑associated 
protein (TRRAP), a subunit of different histone acetyltrans-
ferases, is a coactivator with the TAD domain of c‑Myc (6). 
Most estimates suggest that c‑Myc‑regulated genes are gener-
ally involved in cell‑cycle progression and metabolism, which 
includes cyclin (CCN) D kinases (CDKs), cyclins and ribosomal 
RNAs. The target genes of c‑Myc affect the multiple cellular 
processes by direct or indirect pathways in a diversity of cancer 
cell types. When directly activating the oncogenic pathway, 
c‑Myc upregulates a series of transcriptional programs, which 
influences physiological processes including metabolic adap-
tation, cell division and survival (5,7). When acting indirectly, 
c‑Myc alters microRNA and long non‑coding RNA expression 
patterns or histone modifications, which impacts target gene 
expression in various carcinoma types (8,9).

In contrast to the tightly regulated expression of c‑Myc in 
normal cells, it is frequently dysregulated in human cancers. 
Abundant evidence has indicated that c‑Myc is pathologically 
activated in numerous types of human malignancy (5,9,10,11). 
c‑Myc mRNA has been detected to be 5‑ to 40‑fold over-
expressed in 60‑80% of colon carcinomas  (12), 29% of 
prostate cancers (13), 40% of ovarian cancers (14), 23% of 
lung carcinomas (15), 61% of nodular melanomas and in 
30% of metastases (10). In virtually all Burkitt's lymphoma, 
the c‑Myc gene is translocated to one of the immunoglobulin 
loci enhancers that drive the high expression levels of c‑Myc 
mRNA and protein. A typical translocation of c‑Myc into the 
immunoglobulin heavy chain locus is observed in ~80% of 
Burkitt's lymphomas. Variant translocations of c‑Myc into 
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either the κ or λ light chain locus each occur at a frequency 
of ~10% (16,17). However, the association between c‑Myc 
overexpression and tumorigenesis has remained to be fully 
elucidated. In this light, the present study on the function of 
c‑Myc aimed to contribute to the current knowledge on the 
molecular mechanisms underlying the genesis of B‑ALL.

Materials and methods

Mice. Severe combined immunodeficient (SCID) mice were 
purchase from Beijing Huafu Kang Company (Beijing, China) 
and maintained in a specific‑pathogen‑free environment 
at 24‑26˚C with a relative humidity of 60‑65%. They were 
provided with water and food ad libitum throughout the experi-
mental period. The procedures for handling animals complied 
with the Current Laboratory Animal Laws and Regulations, 
Policies and Administration in China. All experiments were 
approved by the Animal Ethics Committee of Dalian Medical 
University (no. AEE17013).

Antibodies. Mouse monoclonal anti‑c‑Myc (9E10; cat. 
no.  E1809) antibody was purchased from Santa Cruz 
Biotechnology, Inc. (Dallas, TX, USA); mouse monoclonal 
anti‑cyclin E1 (HE12; cat. no. 4129S), anti‑cyclin B1 (V152; cat. 
no. 4135S), anti‑caspase-3 (3G2; cat. no. 9668), anti‑caspase-8 
(1C12; cat. no. 9746), anti‑caspase-9 (C9; cat. no. 9508) anti-
bodies, and rabbit polyclonal anti‑cyclin D kinase (CDK)1 (cat. 
no. 9112) and anti‑phospho‑(p)CDK1 (Tyr15) (cat. no. 9111S) 
antibodies were purchased from Cell Signaling Technology, 
Inc. (Danvers, MA, USA). Rabbit polyclonal anti‑acetyl‑histone 
H4 (cat. no.  06‑866) was purchased from EMD Millipore 
(Billerica, MA, USA). Mouse monoclonal anti‑c‑Myc (9E10 
cat. no. ab32)‑chromatin immunoprecipitation (ChIP) grade 
antibody and rabbit polyclonal anti‑GAPDH antibody 
were purchased Abcam (Cambridge, UK). Fluorescein 
isothiocyanate (FITC)‑labeled immunoglobulin (Ig)G (cat. 
no.  11‑4011‑85) was obtained from e‑Bioscience (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Horseradish 
peroxidase (HRP)‑conjugated rabbit (cat. no.  A0208) and 
mouse (cat. no. A0216) IgG antibodies were from Beyotime 
Institute of Biotechnology (Haimen, China).

Patient samples. The clinical manifestations and examina-
tion results of B‑ALL patients newly diagnosed and treated 
at Dalian Municipal Central Hospital (Dalian, China) from 
May 2015 to January 2016 were retrospectively analyzed. Bone 
marrow aspiration and biopsy were obtained from all B‑ALL 
patients (n=12; 7 women and 5 men; mean age, 23 years; range, 
18‑35 years) and individuals with anemia (n=4; 2 women and 
2 men; mean age, 22 years; range, 18‑30 years). All B‑ALL 
patients newly diagnosed and have not received any medication 
prior to sample collection. All investigations were performed 
either for diagnostic purposes or with residual material 
obtained through diagnostic procedures. All experiments 
were approved by the Ethics Committee of Dalian Municipal 
Central Hospital (approval no. YN2016‑019‑01).

Cells and culture conditions. Raji cells were purchased from 
the American Type Culture Collection (Manassas, VA, USA). 
Cells were cultured in RPMI-1640 tissue culture medium 

supplemented with 2 mM glutamine (both from Thermo Fisher 
Scientific, Inc.), 50 mM 2‑mercaptoethanol (Fluka, Buchs, 
Switzerland), 10% fetal bovine serum (FBS; Gibco; Thermo 
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml 
streptomycin. 

Transient transfection of c‑Myc small interfering (si)RNA. 
Cells (5x104/well) were seeded into six‑well plates and allowed 
to grow to 90% confluence. Transient transfections of c‑Myc 
siRNAs were performed for 6 h with TransIT‑TKO transfection 
reagent (Takara Bio, Inc., Otsu, Japan) according to the manu-
facturer's instructions. The siRNAs were designed to form 19‑bp 
double‑stranded RNA with 2 thymine overhangs at each 3'end of 
RNA. The following 3 targeting sequences of c‑Myc siRNA were 
used: siRNA 1 sense, 5'‑GCU​UCA​CCA​ACA​GGA​ACU​AUU‑3' 
and antisense, AAC​GAA​GUG​GUU​GUC​CUU​GAU (region: 
586‑605 bp); siRNA 2 sense, 5'‑GGC​GAA​CAC​ACA​ACG​UCU​
UUU‑3' and antisense, 5'‑AAC​CGC​UUG​UGU​GUU​GCU​GUU 
(region: 1,636‑1,655 bp); and siRNA 3 sense, 5'‑GGA​AAC​GAC​
GAG​AAC​AGU​UUU‑3', and antisense, 5'‑AAC​CUU​UGC​UGC​
UCU​UGU​CAA‑3' (region: 1,831‑1,850 bp). Alexa 488-conju-
gated siRNA duplex (Qiagen, Hilden, Germany) was used to 
determine the transfection efficiency. 

Establishment of Raji cells with c‑Myc knockdown (Raji‑KD 
cells) and those with c‑Myc knockdown and subsequent resto‑
ration of c‑Myc expression (Raji‑KD‑Re cells). A retroviral 
vector carrying siRNA targeting c‑Myc was constructed as 
follows. A 21‑nucleotide sequence (siRNA 3 region: 1,831‑1,850) 
of the c‑Myc complementary (c)DNA was inserted in the sense 
and antisense directions into the pSINsi‑mU6 cassette vector 
(recombinant retroviral vector; Takara Bio, Inc.), containing 
the mouse U6 promoter. The recombinant retroviruses were 
generated by co‑transfection of the vector mixture into 
293 cells (Genomeditech, Shanghai, China), including recom-
binant retroviral vector, pE‑eco vector (ecotropic env) and pGP 
vector (gag‑pol; cat. no. 6161; Takara Bio, Inc.). Recombinant 
retroviral particles containing the target sequence or a mock 
control were transfected into the parental Raji cells, and the 
geneticin (G418)‑resistant clones were selected as transfected 
cells. The Raji‑derived cells, transfected with the plasmid 
expressing siRNA that targeted c‑Myc, are referred to here-
after as ‘Raji‑KD’. Next, pseudotyped retroviral vectors (cat. 
no. 6161; Takara Bio, Inc.) were generated for transfection of 
the designated mock cells.

For c‑Myc reintroduction, the open reading frame 
(ORF) of c‑Myc was cloned into the ClaI site of the 
pLHCXsi‑mU6‑c‑Myc expression vector, which is resistant 
to the siRNA expressed in the c‑Myc‑knockdown cells. For 
this purpose, c‑Myc shRNA containing multiple mutations 
were introduced into pLHCX vector (cat. no. 631511; Clontech 
Laboratories, Inc., Mountainview, CA, USA; five point muta-
tions in the 1,831‑1,850 region) that did not alter the original 
amino acid residues. Raji‑KD cells with c‑Myc restoration, 
referred to as ‘Raji‑KD‑Re cells’, were established by the 
transfection of pLHCXsi‑mU6‑c‑Myc into Raji‑KD cells. 

Western blot analysis. Cell lysates were prepared with ice‑cold 
buffer (50 mM Tris‑HCl, 150 mM of NaCl, 1% Triton X-100, 
5 mM EDTA, 10 mM NaF, 0.1 mM Na3VO4, supplemented 
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with 0.1 mM phenylmethylsulfonylflouride, 1 mM dithioth-
reitol and a mixture of protease and phosphatase inhibitors 
(Pierce; Thermo Fisher Scientific, Inc.). The cell lysate was 
cleared by centrifugation at 12,000 x g for 10 min at 4˚C. The 
proteins were determined using a bicinchoninic acid protein 
assay kit (Thermo Fisher Scientific, Inc.). A total of 10 µg 
protein per lane in 4X Laemmli loading buffer was resolved 
by 10% SDS‑PAGE gel and immunostained with. The protein 
samples were subjected to 10% SDS‑PAGE and transferred 
onto polyvinylidene difluoride membranes (Immobilon‑P; 
0.45 µm; EMD Millipore) at 240 mA for 60 min. Blots were 
blocked at 37˚C for 2 h with 5% skimmed milk in 10 mM 
Tris‑HCl (pH 7.5) with 150 mM NaCl and 0.1% Tween-20 
(TBST) for caspase antibodies or with 5% bovine serum 
albumin (BSA; Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) in TBS‑T for other antibodies. Following incubation 
with the appropriate primary antibodies overnight at 4˚C (dilu-
tion, 1:4,000 dilution or 1:3,000 for caspase antibodies), the 
slides were washed. After washing, the blots were incubated at 
37˚C for 1 h with the HRP‑conjugated anti‑rabbit IgG (1:8,000 
dilution) or anti‑mouse IgG (1:8,000 dilution) secondary 
antibodies. Finally, specific proteins were visualized using an 
enhanced chemiluminescence system (GE Healthcare, Little 
Chalfont, UK). 

Semi‑quantitative reverse transcription polymerase chain 
reaction (RT‑PCR) and RT‑quantitative (q)PCR. RNA was 
isolated from each cell population using TRIzol reagent 
(Thermo Fisher Scientific, Inc.). First‑strand cDNA was synthe-
sized using SuperScript II reverse transcriptase (Invitrogen; 
Thermo Fisher Scientific, Inc.) and the oligo(dT) 18 primer. 
The mixture without SuperScript II and RNasin was heated 
to 70˚C for 5 min to unfold the secondary structures of the 
RNA. After adding SuperScript II and RNasin, reactions were 
performed for 70 min at 42˚C and for 15 min at 70˚C in a 20‑µl 
reaction volume. Prepared cDNAs were stored at ‑20˚C. 

For PCR, GAPDH served as an internal control gene. The 
thermocycling conditions were as follows: 95˚C for 5 min, 
followed by 30 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 
72˚C for 30 sec. The PCR products were separated by electro-
phoresis on 2% agarose gels and images were captured under 
ultraviolet light. 

Real‑time qPCR was performed in triplicate in a reaction 
volume of 20 µl (20 µmol/l of primers and 10 µl of Master 
Mix (Takara Bio, Inc.), which was adapted from the standard 
protocol provided by SYBR-Green PCR Master Mix. The 
PCR procedure was performed on an Applied Biosystems 
Prism 7000 Sequence Detection System (Applied Biosystems; 
Thermo Fisher Scientific, Inc.). The thermocycling conditions 
were as follows: 95˚C for 10 min, followed by 40 cycles of 
95˚C for 15 sec and 60˚C for 1 min, with a subsequent standard 
dissociation run to obtain melting curve profiles of the ampli-
cons. Using the 2‑∆∆Cq (18) method, relative internal mRNA 
expression of target genes was normalized to GAPDH. 

Primer sequences used in the PCR assays were as follows 
(5'‑3'): CDK1 (NG_029877.1) forward, GAA​ATT​GAG​CGG​
AGA​GCG​AC and reverse, CCG​TTC​CTC​AAT​ACT​CGC​CC; 
CDKN1A (NG_009364.1) forward, GCG​GAG​TGG​AGT​
AAG​TTC​GT and reverse, TGG​CGT​AAA​GGA​CCT​GAA​CC; 
CDKN1B (NG_016341.1) forward, CGC​TCG​CCA​GTC​CAT​

TTG and reverse, AAA​GAC​ACA​GAC​CCC​GAC​G; CCNG1 
(XM_011534685) forward, GAT​CAG​GGC​CGA​GTT​GTC​TC 
and reverse, GAG​GAG​AGG​GGA​CTC​GTA​GG; retinoblas-
toma 1 (RB1; NG_009009.1) forward, CCC​TGT​TTC​AAT​
TTA​TCA​GGC and reverse, TCA​CCC​CAG​ATT​AGT​TTA​
GGC; tumor protein (TP)53 (NG_017013.2) forward, CTC​
AGA​CAC​TGG​CAT​GGT​GT and reverse, GTG​GGG​ATC​
CAG​CAT​GAG​AC; CCNG2 (NM_004354.2) forward, CCT​
CCT​GTG​CCA​TTC​AAC​CA and reverse, CCA​AGT​CAA​CGG​
GGG​TAA​GG; CCNB1 (NM_031966.3) forward, TGA​GAG​
CCA​TCC​TAA​TTG​ACT and reverse, CAA​TTA​TTC​TGC​
ATG​AAC​CGA​T; c‑Myc (NM_002467.4) forward, AAT​GTC​
AAG​AGG​CGA​ACA​CAC and reverse, ATT​GTT​TTC​CAA​
CTC​CGG​GAT; histone acetyl transferase (HAT) [K(Lysine) 
acetyltransferase 5 (kat5); NM_001206833.1] forward, CAT​
TGC​CTG​TCC​TCT​ACC​TG and reverse, ACT​CTT​GTT​CTT​
ACG​TCC​ATC; HAT (kat8; NM_032188.2) forward, GCA​
AGA​TCA​CTC​GCA​ACC​AA and reverse, ATC​AAT​TTC​GTA​
GTT​CCC​GAT; GAPDH (NM_001289746.1) forward, AGA​
TCA​TCA​GCA​ATG​CCT​CCT​G and reverse, ATG​GCA​TGG​
ACT​GTG​GTC​ATG.

Proliferation assay. An MTT assay was performed to assess 
viability of Raji, Raji‑KD and Raji‑KD‑Re cells. The tetrazo-
lium salt MTT is taken up by viable cells and reduced to a 
formazan residue by functional mitochondria of living cells. 
For the MTT assay, cells were seeded into a 96‑well flat bottom 
microtiter plate. A total of 10 µl per well of a 5 mg/ml solution 
of MTT (Sigma‑Aldrich; Merck KGaA) in PBS was added for 
the last 4 h of incubation. Subsequently, the plate was centri-
fuged 2,500 x g, at 4˚C for 10 min, the media were removed 
and dimethylsulfoxide was added to each well to dissolve the 
precipitate. The absorbance of each well was read at 490 nm 
with a Benchmark microplate reader (Bio‑Rad Laboratories, 
Hercules, CA, USA).

Bromodeoxyuridine (BrdU) assay. BrdU labelling was 
performed using a BrdU assay kit (CycLex Co., Ltd., Nagano, 
Japan) according to the manufacturer's protocol. Briefly, cells 
were seeded in 96‑well plates and exposed to 10 µm of BrdU 
for 8 h at 37˚C. The cells were fixed with denaturing solu-
tion for 30 min at room temperature and incubated with 50 µl 
anti-BrdU monoclonal antibody for 1 h at room temperature. 
Following washing, the plates were incubated with 50  µl 
HRP conjugated anti‑mouse IgG at 37˚C for 1 h. The plates 
were visualized by incubation with 50 µl substrate reagent 
for 15 min. The absorbance was measured at a wavelength of 
450 nm.

Cell‑cycle and apoptosis analysis. The cells were harvested, 
fixed with ice‑cold 70% ethanol for 2  h, and single‑cell 
suspensions were prepared. After extensive washing, the 
cells were resuspended in PBS containing propidium iodide 
(PI) and RNase A (both from Sigma‑Aldrich; Merck KGaA), 
incubated for 1 h at room temperature and analyzed using a 
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, 
USA). The cell‑cycle‑phase distribution was analyzed with 
CellQuest software 3.3 (BD Biosciences). 

For analysis of apoptosis, 5x105  cells were harvested. 
Subsequently, PI and Annexin V‑FITC double staining were 
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performed at room temperature for 15 min. Finally, cells were 
washed three times with PBS and analyzed by flow cytometry 
(BD Biosciences).

PCR array. Total RNA was extracted from cells with TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). A Cell 
Cycle PCR Array (PAHS‑020) was used to simultaneously 
examine the mRNA levels of 96 genes, including 6 ‘house-
keeping genes’ for noralization, in 96‑well plates, according to 
the protocol of the manufacturer (cat. no. OHS‑020; Zhejiang 
Kangchen Biotech Co., Ltd., Wuhan, China). The Cq value was 
calculated for each sample as the difference in gene expression 
between Raji and Raji‑KD cells.

ChIP assay. During the culturing process of Raji cells and 
their derivatives, formaldehyde was added to the medium 
at a final concentration of 1%. Cross‑linking was allowed to 
proceed for 10 min at room temperature and stopped by addi-
tion of glycine to a final concentration of 125 mM, followed 
by an additional incubation for 5 min at 25˚C. Fixed cells were 
washed twice with PBS and harvested in SDS buffer [50 mM 
Tris‑HCl (pH=8.0), 0.5% SDS, 100 mM NaCl, 5 mM EDTA 
and aforementioned protease inhibitors]. Cells were pelleted 
by 1,500 x g centrifugation for 5 min at 4˚C and suspended 
in 4 ml IP buffer [100 mM Tris (pH 8.6), 0.3% SDS, 1.7% 
Triton X‑100 and 5 mM EDTA]. The cells were then disrupted 
by sonication for 10 sec in a Branson 250 sonicator (Branson, 
Danbury, CT, USA) at a power setting of 3 and duty cycle 
of 100%, yielding genomic DNA fragments with a bulk size of 
100‑400 bp. The lysate was then diluted with IP buffer to a final 
volume of 1 ml. For each immunoprecipitation, 1 ml diluted 
lysate was precleared by adding 30 µl blocked protein G beads 
[50% slurry protein A‑Sepharose (GE Healthcare); 0.5 mg/ml 
fatty acid‑free BSA and 0.2 mg/ml salmon sperm DNA (both 
from Sigma‑Aldrich; Merck KGaA) in Tris‑EDTA  (TE) 
buffer]. Samples were immunoprecipitated overnight at 4˚C 
with 1:500 anti-c‑Myc antibody or 1:200 anti-AcH4 anti-
body). Immune complexes were recovered by adding 30 µl 
blocked protein G beads and incubated for 6 h at 4˚C. Beads 
were washed and eluted, and cross links were reversed. This 
included successive washes in 1 ml Mixed Micelle Buffer 
[20 mM Tris (pH 8.1), 150 mM NaCl, 5 mM EDTA, 5% w/v 
sucrose, 1% Triton X‑100 and 0.2% SDS], buffer 500 [50 mM 
4‑(2‑hydroxyethyl)‑1‑piperazineethanesulfonic acid at pH 7.5, 
0.1% w/v deoxycholic acid, 1% Triton X‑100, 500 mM NaCl, 
and 1  mM EDTA], LiCl Detergent Wash Buffer [10  mM 
Tris‑HCl (pH 8.0), 0.5% deoxycholic acid, 0.5% Nonidet P‑40, 
250 mM LiCl and 1 mM EDTA] and TE (pH 7.5). The eluted 
material was phenol/chloroform‑extracted and ethanol‑precip-
itated. DNA was re‑suspended in 100 µl water (19). PCR was 
performed as described above using 1 µl DNA and 800 nM 
aforementioned primers diluted to a final volume of 20 µl 
in SYBR-Green Reaction Mix (Takara Bio Inc.). Using the 
2‑∆∆Cq (18) method, relative internal mRNA expression of target 
genes was normalized to GAPDH. 

Immunostaining and immunofluorescence analysis. Cells were 
grown on glass coverslips for 24 h. For cell immunostaining, 
cells were fixed in 4% neutral‑buffered paraformaldehyde at 4˚C 
for 20 min. Subsequently, the cells were blocked with the 5% 

FBS in PBS for 1 h at room temperature. Anti‑acetyl‑histone H4 
antibody (1:250) staining was performed overnight at 4˚C, 
whereas the FITC‑labeled IgG (1:250) staining was performed 
for 1 h at room temperature. Finally, the slides were visual-
ized with 3,3'‑diaminobenzidine. All the slides were observed 
under a fluorescence microscope (Olympus, Tokyo, Japan) and 
images were captured.

In vivo tumor formation assays (Xenograft model). Male SCID 
mice (age, 6 weeks, average weight 25 g; n=11 mice/group) 
were allowed to acclimatize to the laboratory environment for 
1 week. To establish the xenograft tumor formation model, 
1x107 Raji cells and Raji‑KD cells were injected into the right 
and left sides axilla of a site in each mouse, respectively. Over 
30 days, tumor formation at the site of injection and at distant 
tissue sites was monitored. Tumor size was measured using a 
caliper and tumor volume was estimated using the following 
equation: V=π/6xaxbxc (V, volume of the tumor; a, the longest 
radial line; b, the shortest radial line; c, thickness).

To assess the efficiency of the retroviral vector‑mediated 
c‑Myc‑siRNA in suppressing lymphoblastic tumor growth 
in vivo, 2x106 of Raji cells were inoculated into the bilateral 
hind axilla of 7‑week‑old SCID mice (n=3 mice/group). A total 
of 50 µl retroviral vector (0.5 µg/µl) was injected once after 
24 h inoculation. Mice were injected with c‑Myc shRNA retro-
virus on the right axilla or with the pseudotyped retrovirus on 
the left. Over 45 days, the tumor weight and the date at which 
a palpable tumor first arose was recorded.

Immunohistochemistry. For immunohistochemical detec-
tion of protein in the xenograft tumors, 5‑mm sections taken 
from formalin‑fixed paraffin blocks were mounted on glass 
slides and incubated at 56˚C overnight. The slides were then 
de‑paraffinized with xylene and dehydrated with alcohol. 
After washing with tap water, the slides were incubated in 
0.3% hydrogen peroxide to block endogenous peroxidase 
activity. After washing with PBS, the slides were blocked with 
5% skimmed milk in PBS, followed by incubation with the 
primary antibodies (c‑Myc, 1:250; cyclin B1, 1:250; p‑CDK1, 
1:250; CDK1, 1:250; cyclin E1, 1:250) for 1 h at room tempera-
ture. Next, the slides were washed in PBS and incubated with 
HRP‑conjugated rabbit or mouse IgG antibodies (1:500) for 
30 min at room temperature. Finally, the antibody binding was 
visualized using a diaminobenzidine system and counterstained 
with Giemsa staining at 37˚C for 5 mins. Bone marrow from 
B‑ALL patients was smeared and stained as described above.

Semi‑quantitative analysis of the immunohistochemical 
staining in tissues. The intensity of positive staining in tissue 
sections was analyzed via the integrated optical density (IOD) 
using the Image‑Pro Plus 5.1 software (Media Cybernetics, 
Inc., Rockville, MD, USA). In brief, 4 images for each of 
4 individual tumor samples were analyzed in a blinded manner. 
All of the images were captured using the same microscope 
and camera settings. Image‑Pro Plus 5.1 software was used 
to calculate the average IOD per stained area (IOD/µm2) to 
quantify the staining intensity.

Statistical analysis. Each experiment was performed at least 
three times. Values are expressed as the mean ± standard error 
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mean. Statistical analyses were performed with the statis-
tical software package GraphPad Prism 5 (GraphPad Inc., 
La Jolla, CA, USA). The statistical significance was assessed 
by one‑way analysis of variance with Student‑Newman‑Keuls 
post‑hoc test. The level of differences between two groups was 
analyzed by Student's test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Loss of the c‑Myc gene significantly reduces the growth 
rate of Raji cells. To explore the function of c‑Myc, specific 
c‑Myc‑siRNA fragments corresponding to nucleotides 
586‑605, 1,636‑1,655 and 1,831‑1,850 of a human c‑Myc ORF 
(NM_002467) were designed. In the RT‑PCR analysis, the 
siRNA fragment (1,831‑1,850) exhibited a stronger inhibitory 
effect than other siRNA fragments (Fig. 1A). However, this 
effect was short‑lived (about 3 days by transient transfection; 
data not shown). It is important to assess the role of c‑Myc 
under experimental conditions where the effect of endogenous 
c‑Myc is completely eliminated. To stably silence c‑Myc gene 
expression, c‑Myc knockdown cells were established, which 
were referred to as ‘Raji‑KD cells’, by transfection with a repli-
cation‑defective retrovirus encoding a c‑Myc small hairpin 
(sh)RNA. For c‑Myc reintroduction, an ORF of the c‑Myc 
gene was cloned into the ClaI site of a pLHCXsi‑mU6‑c‑Myc 
expression vector that is resistant to the siRNA expressed in 
Raji‑KD cells, and cells transfected with the two were referred 
to as ‘Raji‑KD‑Re cells’. As presented in Fig. 1B, the mRNA 
expression of the c‑Myc gene was significantly downregulated 

in the Raji‑KD cells after c‑Myc shRNA transduction. The 
loss of mRNA expression was then restored in the Raji‑KD‑Re 
cells via the introduction of the c‑Myc gene. Again, the c‑Myc 
protein expression was significantly down‑regulated from the 
Raji‑KD cells as evidenced by western blot analysis, and partly 
restored in the Raji‑KD‑Re cells (Fig. 1C).

Previous studies have demonstrated that c‑Myc has a 
critical role in regulating cell proliferation and growth (20). 
Removal of c‑Myc results in a marked prolongation of the 
doubling time. In the case of Rat1 fibroblasts, the doubling time 
increases from ~16 to ~50 h without c‑Myc, indicating that the 
loss of c‑Myc expression has an impact the proliferation of 
cells. From the MTT assay, it was indicated that in contrast 
to the mock‑transfected cells, the growth rates of the Raji‑KD 
cells were significantly reduced (>50% inhibition) after 72 h, 
and were restored by c‑Myc re‑expression in the Raji‑KD‑Re 
cells (Fig. 1D). Furthermore, the populations of Raji, Raji‑KD 
and Raji‑KD‑Re cells were detected immunochemically using 
a bromodeoxyuridine cell proliferation assay, which mirrored 
the results of the MTT assay, suggesting that c‑Myc affected 
the cell proliferation by inhibiting DNA synthesis (Fig. 1E). 

Loss of c‑Myc decreases the expression of cell cycle‑associated 
genes and induces G2/M‑phase arrest. Previous studies 
suggest that the regulation of cell proliferation by c‑Myc 
involves several key components of cell‑cycle regulatory 
molecules (21,22). To determine whether c‑Myc influences 
cell proliferation via inducing cell‑cycle arrest, the three 
types of cells were processed for cell‑cycle analysis by flow 
cytometry. The cell‑cycle profiles of Raji‑KD cells were 

Figure 1. Knockdown of c‑Myc significantly reduces the proliferation rate of Raji cells. (A) Three different c‑Myc siRNAs were transiently transfected into 
Raji cells. mRNA expression of c‑Myc was determined by RT‑PCR. GAPDH was used as an internal loading control. (B) mRNA expression of c‑Myc was 
determined by RT‑qPCR with normalization to GAPDH expression. (C) Western blot analysis was used to determine c‑Myc expression in Raji, Raji‑KD and 
Raji‑KD‑Re cells. GAPDH served as a loading control. (D) MTT assays for Raji, Raji‑KD and Raji‑KD‑Re cells. OD(490) values were measured using a micro-
plate reader. (E) Effect of c‑Myc‑knockdown on cell proliferation was measured using BrdU assays. Values are expressed as the mean ± standard error of the 
mean. **P<0.01, ***P<0.001. RT‑PCR, semi‑quantitative reverse transcription PCR; RT‑qPCR, RT‑quantitative PCR; PCR, polymerase chain reaction; siRNA, 
small interfering RNA; OD(490), optical density at 490 nm; Raji‑KD, Raji cells with c‑Myc knockdown; Raji‑KD‑Re, Raji‑KD with re‑expression of c‑Myc.
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obviously different from those of Raji and Raji‑KD‑Re cells 
(Fig. 2A and B). Loss of c‑Myc expression resulted in a signifi-
cant G2/M‑phase arrest, while the G1‑phase population was 
decreased (Fig. 2A and B). 

Activation of CDK1 and cyclin B1 is a major checkpoint of 
transition from the G2‑phase to mitosis (G2/M), which governs 
most of the processes involved in mitotic initiation and progres-
sion (23,24). To assess why knockdown of the c‑Myc gene 
induced G2/M arrest, the expression of CDK1 and cyclin B1 in 
the Raji‑derived cells was examined. The loss of c‑Myc caused 
a reduction in the levels of CDK1, p‑CDK1 and cyclin B1 in 
Raji‑KD cells, while no significant difference was identified 
in cyclin E1 expression. Of note, the c‑Myc shRNA‑associated 
reduction in the expression of CDK1, p‑CDK1 and cyclin 
B1 was attenuated by re‑expression of c‑Myc (Fig.  2C), 
suggesting that the cell‑cycle arrest in G2/M‑phase may 
be attributed to the downregulation of CDK1, p‑CDK1 and 
cyclin B1 (Fig. 2A and B). To further elucidate the underlying 
mechanisms of the cell‑cycle arrest caused by the suppression 
of c‑Myc, cell cycle‑associated gene expression was examined 
between Raji cells and Raji‑KD cells via a PCR array. A total 
of 28 genes with a 2‑fold difference in their expression levels 
were identified. Among them, 24 genes [CCNG1, CCNG2, 
HUS1 checkpoint clamp component, RB1, RB‑like 2, BRCA2 
and ‑1 DNA repair associated, CDK1, S‑phase kinase‑asso-
ciated protein 2, CDKN1B, CDK6, caspase‑3, growth arrest 
and DNA‑damage‑inducible  α, meiotic recombination 11 
homolog A (S. cerevisiae), MRE11 homolog double strand 

break repair nuclease, MDM2 proto‑oncogene, CCNF, CDK8, 
WEE1 G2 checkpoint kinase, cell division cycle 6, hypo-
xanthine phosphoribosyl transferase 1, checkpoint kinase 1, 
transcription factor Dp‑2 and TP53], which are involved in 
cell cycle regulation, were downregulated in Raji‑KD cells, 
whereas 4 genes (CDKN1A, CCND2, CCND1 and baculoviral 
IAP repeat containing 5), which function in cell differen-
tiation, were upregulated (Table I). CDKN1A (also known as 
p21) serves as an inhibitor of cellular proliferation in response 
to DNA damage (25). CCND1 and CCND2 are components 
of the cyclinD/CDK4/CDK6 complexes, and the latter phos-
phorylates and inhibits members of the retinoblastoma protein 
family and regulates the cell cycle during G1/S transition (26). 
These results demonstrated that downregulation of c‑Myc 
induces G2/M arrest by regulating the expression of CDK1 
and cyclin B1, which are capable of accelerating cell‑cycle 
progression.

c‑Myc induces cell cycle‑associated gene expression by 
transcriptionally regulating HAT. As a transcription factor, 
c‑Myc usually binds to specific sites in the target gene 
promoters, acts as a general amplifier of transcription, and is 
known to alter histone modifications, thereby having a role in 
remodeling target chromatin (19,27). To assess whether c‑Myc 
directly impacts gene transcription in Raji cells, a ChIP assay 
was used to evaluate the c‑Myc‑dependent regulation of cell 
cycle‑associated genes. Based on a PCR array and western blot 
analysis of cell‑cycle‑associated genes (Fig. 2C and Table I), 

Figure 2. Inhibition of the c‑Myc gene induces G2/M arrest and downregulates the expression of CDKs in Raji cells. PI staining and flow cytometric anal-
ysis were performed to measure the DNA content of Raji, Raji‑KD and Raji‑KD‑Re cells. (A) Cell cycle analysis of Raji, Raji‑KD and Raji‑KD‑Re cells. 
(B) Statistical analysis of flow cytometry results. The percentages of cells in different cell cycle phases (G1, S or G2/M) are displayed. Values are expressed as 
the mean ± standard error of the mean. *P<0.05. (C) Western blot analysis of CDK1, p‑CDK1, cyclin B1 and cyclin E1 protein expression. GAPDH severed as a 
loading control. PI, propidium iodide; Raji‑KD, Raji cells with c‑Myc knockdown; Raji‑KD‑Re, Raji‑KD with re‑expression of c‑Myc; p‑CDK, phosphorylated 
cyclin D kinase.
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cyclin B1 and CDK1 were selected as the target genes. The 
real‑time PCR‑amplified cyclin B1 and CDK1 signals from 
the c‑Myc‑ChIP assay exhibited no significant differences 
between Raji, Raji‑KD and Raji‑KD‑Re cells; however, the 
PCR‑amplified gene signals of TIP60 immunoprecipitated 
with c‑Myc antibodies were reduced in the Raji‑KD cells 
compared with those in Raji cells, and were significantly 
increased in Raji‑KD‑Re cells (Fig.  3A). In addition, the 
mRNA levels of TIP60 and MOF were assessed in the three 
groups of cells, indicating that knockdown of the c‑Myc gene 
resulted in decreased expression of TIP60 and MOF (Fig. 3B). 
Of note, the level of AcH4 was markedly decreased in the 
Raji‑KD cells, as evidenced by western blot analysis (Fig. 3C) 
and immunostaining assays (Fig. 3D). These results suggest 
that c‑Myc regulates the transcription of cell cycle‑associated 
genes through an indirect AcH4‑associated mechanism in Raji 
cells. To further evaluate AcH4‑dependent changes in cell 
cycle‑associated gene expression, ChIP assays using AcH4 
antibodies and PCR analysis were performed. As presented 
in Fig. 3E, the gene signals of cyclin B1, CDK1, RB1, CCNG2 
and cyclin dependent kinase inhibitor 1B (CDKN1B) from 

the amplification of AcH4‑ChIPed sequences were reduced 
in the Raji‑KD cells compared with Raji cells and restored in 
Raji‑KD‑Re cells, while the gene signals for CCNG1 were not 
affected. It is conceivable that c‑Myc regulates the expression 
of cell cycle‑associated genes, including cyclin B1, CDK1, RB1 
and CCNG2, by controlling the HAT‑mediated acetylation of 
histone H4 in target chromatin. 

Knockdown of c‑Myc suppresses apoptosis by regulating 
caspase-3 expression. In addition to the function of c‑Myc in 
cell growth and proliferation, numerous studies have reported 
that c‑Myc induces cell apoptosis (4,5,28). To investigate the 
effect of c‑Myc on cell apoptosis, the three cell groups of the 
present study were analyzed by flow cytometry after Annexin V 
and PI staining. As presented in Fig. 4A and B, the percentage 
of early apoptotic cells (PI‑ Annexin V+ cells) in Raji, Raji‑KD 
and Raji‑KD‑Re cells was 2.56, 2.39 and 3.7%, respectively, 
and the percentage of late apoptotic cells (PI+ Annexin V+ 
cells) was 6.91, 2.42 and 3.16%, respectively (Fig. 4B). The 
apoptotic rate in the Raji‑KD cells was significantly lower than 
that in Raji cells and was partially restored in the Raji‑KD‑Re 

Table I. Up‑ and downregulated genes in Raji‑KD cells.

Gene name	 Definition	 GenBank ID	 Fold change (Raji‑KD/Raji)

CDKN1A	C yclin‑dependent kinase inhibitor 1A	 NM_000389	 6.10
CCND2 	C yclin D2	 NM_001759	 3.31
CCND1 	C yclin D1	 NM_053056 	 3.03
BIRC5	 Baculoviral IAP repeat containing 5	 NM_001012270	 2.12
CCNG1 	C yclin G1	 NM_004060 	‑ 6.90
CCNG2	C yclin G2	 NM_004354 	‑ 5.22
HUS1	 HUS1 checkpoint clamp component	 NM_004507	‑ 3.75
RB1	 RB transcriptional corepressor 1	 NM_000321 	‑ 3.69
RBL2 	 RB transcriptional corepressor like 2	 NM_005611 	‑ 3.44
BRCA2 	 BRCA2, DNA repair associated	 NM_000059	‑ 3.40
CDK1	C yclin dependent kinase 1	 NM_001170406	‑ 3.34
SKP2	 S‑phase kinase‑associated protein 2	 NM_001243120	‑ 2.90
CDKN1B	C yclin dependent kinase inhibitor 1B	 NM_004064 	‑ 2.79
CDK6	C yclin dependent kinase 6	 NM_001145306	‑ 2.78
CASP3	C aspase-3	 NM_004346	‑ 2.66
GADD45A	 Growth arrest and DNA damage inducible α	 NM_001199741	‑ 2.60
MRE11A	 MRE11 homolog, double strand break repair nuclease	 NM_005590	‑ 2.54
BRCA1	 BRCA1, DNA repair associated	 NM_007294	‑ 2.40
MAD2L1	 Mitotic arrest deficient 2 like 1	 NM_002358	 ‑2.24
MDM2	 MDM2 proto‑oncogene	 NM_001145337	‑ 2.13
CCNF	C yclin F	 NM_001761	‑ 2.03
CDK8	C yclin dependent kinase 8	 NM_001260	‑ 2.00
WEE1	 WEE1 G2 checkpoint kinase	 NM_001143976	‑ 2.00
CDC6	C ell division cycle 6	 NM_001254	‑ 2.00
HPRT1	 Hypoxanthine phosphoribosyl transferase 1	 NM_000194	‑ 2.00
CHEK1	C heckpoint kinase 1	 NM_001114121	‑ 2.00
TFDP2	 Transcription factor Dp‑2	 NM_001178138	‑ 2.00
TP53	 Tumor protein p53	 NM_000546	‑ 2.00

Raji‑KD, Raji cells with c‑Myc knockdown.
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cells, which indicated that c‑Myc is involved in cell apoptosis. 
To explore the underlying mechanism, the expression of 
caspase-3, -8 and -9 was examined. In contrast to the Raji cells, 
knockdown of the c‑Myc gene led to a significant decrease in 
pro‑caspase-3 expression in Raji‑KD cells (Fig. 4C), while the 
expression of caspase-8 or 9 exhibited no difference among 
the Raji, Raji‑KD and Raji‑KD‑Re cells. These results indicate 
that c‑Myc promotes the apoptosis of Raji cells by regulating 
the expression of activated caspase-3, which has a key role in 
the execution of multiple apoptotic pathways.

c‑Myc expression is essential for the Raji cells‑derived tumor 
formation. It is well known that c‑Myc has a significant role 
in promoting tumor formation in vivo. To examine the influ-
ence of c‑Myc knockdown in Raji cells on xenograft tumor 
formation, a xenograft model of B‑ALL was established in 
SCID mice. As presented in Fig. 5A, Raji cells rapidly formed 
tumors with no notable rejection following subcutaneous 
injection into the left axilla of mice, whereas the incidence 
of tumor formation was significantly suppressed in mice that 
were injected with Raji‑KD cells over a period of 30 days. 
Only 4 small tumors (4  tumors/11 mice) were observed in 
the mice that were transplanted with Raji‑KD cells (Fig. 5A). 
No adverse events were noted in mice injected with Raji cells 
expressing c‑Myc shRNA. After 30 days, the volume and 
weight of the tumors were measured. It was apparent that the 
tumors of the Raji‑KD cell group were smaller and lighter than 
those of the Raji cells group (Fig. 5B and C), suggesting that 
the tumor‑forming ability of Raji‑KD was severely reduced 
by knockdown of c‑Myc. Since the abovementioned results 
indicated that c‑Myc promotes tumor growth in vitro by modu-
lating the cell cycle, the efficiency of injection of the c‑Myc 
shRNA retrovirus in inhibiting tumor formation was then 
assessed in vivo. During the first two days after inoculation of 
Raji cells into the bilateral hind axilla, mice were injected with 
c‑Myc shRNA retrovirus on the right axilla or with a pseu-
dotyped retrovirus on the left over. As presented in Fig. 5D, 
injection of the c‑Myc shRNA retrovirus markedly inhibited 
the tumor formation in vivo. The weights and volumes of the 
tumors were 1.27±0.85 g and 1.23±1.14 (cm3) in mice injected 
with Raji cells, while the tumor was not generated following 
injection with c‑Myc shRNA retroviruses (Table II). Based on 
the immunohistochemical analysis, the expressions of cyclin 
B1, CDK1 and p‑CDK1 were suppressed in Raji cell‑derived 
tumors following the retroviral vector‑mediated c‑Myc‑siRNA 
injection, while no significant difference was identified in 
cyclin E1 expression (Fig. 5E). These results are consistent 
with the observation that the expression of these proteins 
was significantly suppressed in Raji cells afterc‑Myc‑siRNA 
injection vs. Raji cells (Fig. 2C). The present results suggested 
that loss of c‑Myc suppressed tumorigenesis, probably and at 
least in part via downregulation of the expression of G2/M 
checkpoint‑associated genes, including CDK1 and cyclin B1.

As reported previously, overexpression of c‑Myc is the 
major characteristic of B‑ALL (2). To further confirm the tumor 
promoter effect of c‑Myc in B cell lymphoma tumorigenesis, 
c‑Myc expression in the bone marrow aspirations and biopsies 
of B‑ALL patients was examined. The immunohistochem-
istry assays using anti‑c‑Myc antibody indicated that c‑Myc 
was overexpressed in the B‑ALL samples, compared with 

that in the samples from individuals with anemia (Fig. 6A). 
Semi‑quantitative IOD analysis also confirmed signifi-
cantly enhanced anti‑c‑Myc antibody staining in the patient 
group (Fig. 6B). These results indicated that the expression 
of c‑Myc is constitutively activated in the process of B‑ALL 
tumorigenesis, and that c‑Myc RNA interference may serve as 
a potential therapeutic strategy for B‑ALL.

Discussion

The c‑Myc protein has multiple functions in tumorigenesis 
and progression, and c‑Myc transgenic mice, carrying c‑Myc 
linked to the intron enhancer of the immunoglobulin heavy 
chain gene, developed clonal B‑cell malignancies  (29). 
Furthermore, when lymphoblastoid cells were transfected 
with a constitutively expressed c‑Myc gene, the cells became 
tumorigenic in nude mice (30). Understanding c‑Myc tumori-
genic activity requires experimentally tractable models. To 
date, the study of c‑Myc target genes has not been standardized 
as to the cell types used or the expression systems employed. 
With this regard, the present study established a novel B‑ALL 
cell model (Raji‑KD) with knockdown of the c‑Myc gene, 
and demonstrated that c‑Myc regulates the CDK1/cyclin 
B1‑dependent G2/M cell cycle progression via controlling 
histone H4 acetylation. 

A deletion of c‑Myc in mice was lethal in homozygotes 
between 9.5 and 10.5  days of gestation, and the embryos 
were generally smaller and retarded in their development 
compared with their littermates (31), indicating that c‑Myc is 
involved in the regulation of the cell cycle and cell prolifera-
tion. Prior study into the mechanisms underlying the effects 
of c‑Myc have revealed that c‑Myc‑null rat fibroblasts display 
a prolonged G2‑phase  (32). Song  et  al  (33) reported that 
knockdown of c‑Myc led to a growth inhibition and cell cycle 
arrest at G2/M‑phase in Jijoye cells, but the role of c‑Myc 
in the G2/M‑phase has remained elusive. The present study 
indicated that loss of c‑Myc controlled the expression of genes 
associated with the G2/M‑phase transition, including cyclin B1 
and CDK1, by modulating TIP60‑mediated histone H4 
acetylation in specific chromosomal regions, which resulted 
in a marked G2/M‑phase arrest in Raji‑KD cells. Other studies 
have reported that loss of c‑Myc function impedes G1‑phase 
progression (28,34). Felsher et al (35) has reported that overex-
pression of c‑Myc causes TP53‑dependent G2‑phase arrest in 
normal fibroblasts. These observations suggest that c‑Myc has 
different functions in diverse tumor cell types. Furthermore, 

Table II. Injection of c‑Myc shRNA retrovirus completely 
inhibits tumor formation in vivo.

	 Tumor	 Tumor	 Tumor
	 formation	 weight	 volume
Cells	 time (days)	 (g)	 (cm3)

Raji (2x106)	 45	 1.27±0.85	 1.23±1.14
Raji (2x106) + shRNA	 45	 0.00	 0.00

shRNA, small hairpin RNA.



INTERNATIONAL JOURNAL OF MOlecular medicine  41:  3366-3378,  20183374

Figure 4. Knockdown of c‑Myc suppresses the apoptosis of Raji‑KD cells by regulating caspase-3 expression. (A) Flow cytometric analysis was performed to 
measure the apoptotic rate of Raji, Raji‑KD and Raji‑KD‑Re cells after PI and Annexin V staining. (B) Quantitative analysis of flow cytometry results. Values 
are expressed as the mean ± standard error of the mean. *P<0.05, **P<0.01. (C) Western blot analysis of caspase-3, caspase-8 and caspase-9 expression in Raji, 
Raji‑KD and Raji‑KD‑Re cells. Caspase-3 showed two forms of pro caspase and cleaved caspase. GAPDH served as a loading control. PI, propidium iodide; 
Raji‑KD, Raji cells with c‑Myc knockdown; Raji‑KD‑Re, Raji‑KD with re‑expression of c‑Myc.

Figure 3. Loss of c‑Myc suppresses the expression of CDK by transcriptionally regulating HAT that targets histone H4. (A) c‑Myc‑ChIP assay with Raji, 
Raji‑KD and Raji‑KD‑Re cells. Following formaldehyde cross‑linking and DNA fragmentation, samples were immunoprecipitated with antibody specific for 
c‑Myc. The c‑Myc binding signal for TIP60 was reduced in Raji‑KD cells, while that for cyclin B1 and CDK1 did not change. (B) mRNA expression of TIP60 
and MOF was determined by reverse transcription‑quantitative polymerase chain reaction. GAPDH expression was used for normalization. (C) Western blot 
analysis of AcH4 expression in Raji, Raji‑KD and Raji‑KD‑Re cells. GAPDH served as a loading control. (D) Confocal microscopy analysis of Raji, Raji‑KD 
and Raji‑KD‑Re cells after staining with anti‑AcH4 antibody (magnification, x400). (E) AcH4‑ChIP assay of Raji, Raji‑KD and Raji‑KD‑Re cells. The AcH4 
binding signals of cell cycle‑associated genes were reduced by the knockdown of c‑Myc gene. Values are expressed as the mean ± standard error of the mean. 
*P<0.05, **P<0.01. Raji‑KD, Raji cells with c‑Myc knockdown; Raji‑KD‑Re, Raji‑KD with re‑expression of c‑Myc; CDK, cyclin D kinase; ChIP, chromatin 
immunoprecipitation; AcH4, acetylated histone H4; TIP60, 60 kDa Tat‑interactive protein; MOF, males absent on the first; RB, retinoblastoma; CCN, cyclin. 
CDKN1B, cyclin dependent kinase inhibitor 1B.
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the CDK inhibitors p27 and p21 appear to be critical targets of 
c‑Myc. c‑Myc cooperates with Zn‑finger transcription factor 
Miz‑1 to repress the transcription of cell‑cycle inhibitors, 
including p15, p21 and p27 (5,36). The present study reported 
that suppression of c‑Myc induced the upregulation of p21 and 
the downregulation of p27 in Raji‑KD cells. However, further 
study is required to determine whether G2/M arrest induced 

by the loss of c‑Myc is associated with changes in p27/p21 
expression.

Distinct HATs, including TIP60, MOF, Kat2B and 
Kat2A, associate with c‑Myc TAD as the TRRAP, and form 
the different HAT complexes that regulate histone H3 and 
H4 acetylation (6,27,37). Recruitment of TIP60 to c‑Myc is 
significant for gene regulation by c‑Myc (27,37). In the present 

Figure 5. Knockdown of c‑Myc suppresses the tumorigenesis of Raji cells in a SCID mouse xenograft model. (A‑C) At 30 days after injection of 1x107 Raji or 
Raji‑KD cells into the axilla, tumors were harvested. Tumor formation at the site of injection was monitored. (A) Representative images of tumors formed in 
the mice. (B) Tumor weight in the two groups. The weight of Raji‑KD tumors was lower than that of Raji tumors. (C) Tumor volume in the two groups. The 
volumes of Raji‑KD tumors were smaller than those of Raji tumors. Values are expressed as the mean ± standard error of the mean. *P<0.05. (D) Representative 
images of tumors grown in the animals at 45 days after injection of 2x106 Raji cells into the bilateral axillary sites of the hind legs (circles with broken lines). 
On the first two days after inoculation of Raji cells, mice were injected in to the axilla with c‑Myc shRNA retrovirus on the right or with the pseudotyped 
retrovirus on the left. Magnified images display the respective tumors after dissection. The tumor formation of Raji cells was inhibited by injection of c‑Myc 
shRNA retrovirus. (E) Immunohistochemical staining of Raji (upper panels) and Raji‑KD (lower panels) xenograft tumor tissues [from (A)] for c‑Myc, CDK1, 
p‑CDK1, cyclin B1 and cyclin E1 (magnification, x200). Immunopositivity was indicated by a brown stain (arrows). shRNA, small hairpin RNA; p‑CDK1, 
phosphorylated cyclin D kinase 1; Raji‑KD, Raji cells with c‑Myc knockdown.
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study, a c‑Myc‑ChIP assay indicated that c‑Myc directly 
regulates TIP60 expression. Reduction of MOF and AcH4 are 
known to correlate with the reduced transcription of certain 
genes and with G2/M‑phase arrest (38). However, the universal 
mechanism underlying c‑Myc‑mediated G2/M‑phase arrest 
remains to be elucidated. In the present study, the AcH4‑ChIP 
assay indicated that the transcription of cyclin B1, CDK1, 
RB1, CCNG2 and CDKN1B was controlled by TIP60 and/or 
MOF‑mediated histone H4 acetylation, which was regulated 
by c‑Myc. The unique means by which c‑Myc was demon-
strated to regulate cell cycle‑associated factors is indicative 
of previously unsuspected links between c‑Myc, HATs, AcH4 
and G2/M‑phase arrest. 

Cell‑cycle arrest in G2/M‑phase usually reflects a require-
ment for repairing cell damage; if not repaired, apoptotic 
mechanisms are often activated (39). The present study indi-
cated that downregulation of c‑Myc in Raji‑KD cells induced 
decreases in cell apoptosis. c‑Myc induces apoptosis through 
various mechanisms; for instance, it activates upstream 
events in the apoptotic cascade, including death receptor Fas 
and Fas ligand (40). Furthermore, numerous target genes of 
c‑Myc that regulate mitochondrial function have been impli-
cated in c‑Myc‑induced apoptosis (41). In addition, various 
target genes of c‑Myc that regulate the cell cycles, including 
CDC25A, have been implicated in cell apoptosis  (42). In 
the present study, TP53 expression was also downregulated 
in the Raji‑KD cells. Furthermore, knockdown of c‑Myc 
decreased the expression of pro‑caspase-3, but did not affect 

the expression of caspase-8 and 9  in Raji cells. Although 
the detailed molecular mechanisms of how c‑Myc causes a 
decrease in caspase-3 levels remains to be determined, eluci-
dation of the links between c‑Myc and the caspase family 
may clarify the mechanisms underlying c‑Myc‑induced 
apoptosis.

B‑ALL is an aggressive form of Non‑Hodgkin lymphoma 
and is the most common type of childhood cancer (43). The 
survival rates of B‑ALL patients require to be improved via 
development of novel, innovative therapies. To elucidated the 
biological functions of c‑Myc in B‑ALL, an experimentally 
tractable model is required. In this regard, to determine the role 
of c‑Myc in modulating lymphoma cell behavior, the present 
study used Raji cells to generate Raji‑KD and Raji‑KD‑Re 
cells. It was revealed that c‑Myc recruited HAT that induced 
histone H4 acetylation in specific chromatin regions, thereby 
opening chromatin structures and amplifying the expression 
of target genes. Knockdown of the c‑Myc gene led to the 
downregulation of the expression of CDK1 and cyclin B1 and 
resulted in G2/M‑phase arrest by histone H4 acetylation. Of 
note, loss of c‑Myc function by anti‑sense suppression signifi-
cantly inhibited the tumorigenesis of Raji cells in vivo. Indeed, 
c‑Myc was overexpressed in the B‑ALL samples, compared 
to the samples from individuals with anemia (Fig. 6). It is 
consistent with the reports that c‑Myc contributes to the 
lymphoma tumorgenesis (44). The therapeutic strategies of 
c‑Myc knockdown may be valuable for establishing novel 
methods for B‑ALL therapy. 

Figure 6. Immunohistochemical analysis of bone marrow cells from patients with B‑ALL and individuals with anemia for c‑Myc. (A) Cytogenetic analysis of 
biopsy samples by classical Giemsa staining (upper panels) and immunostaining with anti‑c‑Myc antibody (lower panels). Representative images are displayed 
(magnification, x200). (B) Comparison of average IOD/area of c‑Myc antibody staining in biopsy samples between controls and B‑ALL patients. *P<0.05. IOD, 
integrated optical density; B‑ALL, B‑lineage acute lymphoblastic leukemia.
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