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Abstract. Myc proto-oncogene (MYC) is an oncoprotein
that promotes proliferation and apoptosis. MYC mutations
frequently disrupt the apoptotic processes during
tumorigenesis. In the present study, the effects of the
MYC point mutation TS8A on the progression of a cellular
tumor antigen p53 (p53)” human breast cancer cell line
was analyzed, and the mechanism of p53-independent
MYC-induced apoptosis was investigated. HCC1937 cells
were transfected with mutant (T58A) or wild-type (WT)
MYC using lentiviral vectors. The proliferation of transfected
cells was evaluated by colony formation and MTT assays,
and apoptosis was analyzed by flow cytometry and terminal
deoxynucleotidyl transferase-mediated dUTP nick end
labeling assays. WT MYC was transfected into HCC1937 cells
exhibiting p14/p21 silencing through lentivirus-mediated RNA
interference. The expression levels of Bim were detected by
reverse transcription-quantitative polymerase chain reaction
and western blot analyses. Mutant MYC proteins retained
the ability to stimulate the proliferation of HCC1937 cells,
although they were defective at promoting apoptosis due to a
failure to induce the Bcl-2 homology 3 domain-only protein
Bim. When pl4 was silenced, the effects of mutant MYC on
proliferation and apoptosis were weakened. When p21 was
silenced, the effects of mutant MYC were strengthened. Breast
cancer-derived T58 A MYC mutations are unable to activate
Bim due to their failure to regulate pl14/p21. It was concluded
that mutant MYC was more effective compared with WT
MYC at promoting the progression of breast cancer.
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Introduction

Initially discovered in avian genomes, MYC proto-oncogene
(MYQ) is a key regulator of cell growth, proliferation, metabo-
lism, differentiation and apoptosis (1), and a potent activator
of tumorigenesis. MYC is dysregulated in various cancer
types (1-3) and serves a critical role in breast tumorigenesis
and cancer progression (4-6). Dysregulation of MYC in breast
cancer involves multiple mechanisms, including gene ampli-
fication, transcriptional regulation, and mRNA and protein
stabilization. Previous studies demonstrated that the MYC
T58A point mutation impaired the apoptotic potential of MYC
in rodent cells (7-9), and a study reported that this mutation
reduced the occurrence of MYC-induced apoptosis in human
mammary epithelial cells (10). However, the physiological
functions of MYC and the consequences of its dysfunction in
breast cancer cells remain obscure.

Bim is a Bcl-2 homology 3 domain (BH3)-only protein that
is involved in stimulus-induced, cellular tumor antigen p53
(p53)-independent apoptosis (11,12). MYC was reported to bind
to the Bim promoter and promote Bim transcription (13,14).
Furthermore, dysregulated MYC expression sensitized cells
to apoptosis via a Bim-dependent mechanism (11). Although
mutant MYC was unable to induce Bim expression, it activated
the p53 pathway to a similar extent as wild-type (WT) MYC (9).
This result may help explain why tumors with mutant MYC
are less prone to apoptosis, and why mutant MYC is more
oncogenic compared with WT MYC (9). Previously, it was
demonstrated that tumor-derived MYC mutants are relevant to
breast cancer pathology as they are unable to upregulate Bim,
which induces p53-independent apoptosis (15). However, the
mechanisms underlying the observation that MYC mutants are
unable to upregulate Bim are unknown.

The principal model for the p53-independent mechanism
of apoptosis is that the tumor suppressor pl4, which binds to
MYC directly and blocks the transcription of MYC canonical
target genes, also inhibits MYC-induced hyperproliferation
and transformation (16,17). Despite its inhibition of canonical
MYC activity, pl4 has been reported to be essential for MYC
to induce p53-independent apoptosis in mouse embryonic
fibroblasts (17,18). A subsequent study demonstrated that E2F
proteins serve a direct role in the transcriptional regulation of
pl4 (19). Upregulated Bim expression levels in prostate and
breast cancer cells are dependent on E2F, and E2F silencing
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leads to the loss of Bim expression (20). Thus, WT MYC
appears to upregulate pl4 in order to promote Bim-induced
apoptosis. However, the mechanisms by which MYC mutants
regulate pl4-induced p53-independent apoptosis have not been
fully clarified.

The cyclin-dependent kinase inhibitor protein p21 regu-
lates cell cycle progression at the G1 phase, mediates cell
proliferation, differentiation, senescence and apoptosis, and
may influence transcription in a p5S3-dependent or indepen-
dent manner (21). Substantial data from biochemical and
genetic studies indicate that p21 acts as a master effector of
multiple tumor suppressor pathways to promote antiprolifera-
tive activities that are independent of the classical pS3 tumor
suppressor pathway. Furthermore, p21 suppresses the induc-
tion of proapoptotic genes by MYC and E2F1 through direct
binding and inhibition of their transactivation functions (22).
G1/S arrest induced by overexpression of p21 was reported
to involve suppression of Bim (23). Although a number of
studies indicated a proapoptotic role for p21, these studies only
demonstrated that apoptosis occurred concurrently with p21
induction, without determining whether p21 was required for
the induction of apoptosis.

Apoptosis in response to dysregulated MYC is an
important failsafe mechanism that is essential in preventing
the proliferation of tumorigenic cells (24). Apoptosis induced
by oncogenic MYC occurs through p53-dependent and
independent mechanisms that are not well understood (9,25).
The p53 gene is mutated in ~50% of human tumors, and
the loss of p53 antitumor activity is associated with defects
in cell cycle arrest and apoptosis (26). It has been proposed
that the loss of p53-initiated DNA repair processes underpins
the high cancer susceptibility observed in p53-deficient
mice (27). DNA damage elicited by chemotherapeutic drugs
may induce apoptosis in the absence of p53 (28). It is apparent
that various p53-independent apoptotic mechanisms may be
used to induce apoptosis in pS3-initiated cancer cells. It is
therefore important to further clarify the precise molecular
mechanism of p53-independent apoptosis. It appears likely
that DNA lesions may activate BH3-only proteins in a
p53-independent manner (29). A recent study reported that
the loss of Bim strongly correlates with the loss of p53 in
Ilymphomagenesis (11). Thus, the effects of the MYC point
mutation T58A on the progression of breast cancer with p53
loss were analyzed, and the mechanism of p53-independent
MYC-induced apoptosis was investigated.

MYC dysregulation contributes to the initiation and
progression of breast cancer and is associated with poor
outcomes, particularly in the basal-like cancer subtype. Thus,
targeting MYC-regulated pathways may provide a promising
therapeutic strategy for breast cancer.

Materials and methods

Cells and reagents. Human breast cancer cells (HCC1937,
China Center for Type Culture Collection, Chinese Academy
of Sciences, Shanghai, China) were cultured in RPMI-1640
medium (HyClone; GE Healthcare Life Sciences, Logan,
UT, USA) and 10% fetal bovine serum (FBS; Hyclone; GE
Healthcare Life Sciences). The WT MYC-green fluores-
cent protein (GFP)-lentivirus and T58A-GFP-lentivirus
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vectors were constructed previously (30). The p21-small
interfering (si)RNA-red fluorescent protein (RFP)-lentivirus
and pl4-siRNA-RFP-lentivirus vectors were constructed
by Shanghai Biological Engineering Co., Ltd. (Shanghai,
China). The terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) assay kit was obtained
from Beyotime Institute of Biotechnology (Haimen, China).
Antibodies against MYC, p21, pl4 and GAPDH were
purchased from Abcam (Cambridge, UK). Purified rabbit
anti-Bim was from BD Pharmingen (BD Biosciences,
Franklin Lakes, NJ, USA).

T58A and WT MYC transfection and p2l and pl4
interference of HCCI1937 cells. Control lenti-GFP/neo
virus, lenti-TS8A-GFP/neo, and lenti-WT MYC-GFP/neo
particles were previously constructed and packaged (30).
The titer was measured using the method described by
Meng et al (30). HCC1937 cells were maintained in
RPMI-1640 medium supplemented with 10% FBS and
plated into six-well plates at 1x10° cells/well overnight.
Cells at 50% confluence were infected with lenti-GFP/neo,
lenti-TS8A-GFP/neo, lenti-WT MYC-GFP/neo particles, and
with p21- or pl4-siRNA-RFP-lentivirus vectors at a multiplicity
of infection of 6. Cells were cultured in RPMI-1640 medium
supplemented with 10% FBS at 37°C in 5% CO, for 2 days.
Transfection efficiencies were determined by assessing GFP
expression using a Leica DMI 4000B (Leica Microsystems
GmbH, Wetzlar, Germany) fluorescence microscope at
magnification, x100.

NeoMYCin G418 (400 mg/l; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) was added to the medium to select
the stably transfected cells. NeoM YCin-resistant colonies were
picked up 2 weeks post-transfection. Stably transfected cells
were maintained in medium containing 400 mg/l neoMYCin.

RNA extraction and reverse transcription-semi-quantitative
polymerase chain reaction (RT-sqPCR) analysis. Total
RNA was isolated from the cells using TRIzol reagent
(Thermo Fisher Scientific, Inc.). The first strand of cDNA
was synthesized by reverse transcription of 2 ug total RNA
using an Advantage RT-for-PCR kit (Takara Biotechnology
Co., Ltd., Dalian, China). The temperature protocol for
reverse transcription was as follows: 72°C for 2 min, 42°C
for 1 h and 94°C for 5 min. A 0.6 ul aliquot of the RT reac-
tion mixture was used for subsequent sqPCR analysis. The
sequences of the forward and reverse primer pairs (designed
and synthesized by Shanghai Sangon Biological Engineering
Technology Co., Ltd., Shanghai, China) were as follows:
MYC sense, 5-GATTCTCTGCTCTCCTCGAC-3' and
antisense, 5-"-TCCAGACTCTGACCTTTTGC-3"; p21 sense,
5'-ACTGTGATGCGCTAATGGC-3' and antisense, 5-ATG
GTCTTCCTCTGCTGTCC-3'; pl4 sense, 5'-CACCGGAAT
CCTGGACCAG-3' and antisense, 5'-GCAGTTCGAATC
TGCACCGT-3"; Bim sense, 5~AGATCCCCGCTTTTCATC
TT-3' and antisense, 5'-AGGACTTGGGGTTTGTGTTG-3";
and GAPDH sense, 5-CTGCACCACCAACTGCTTAG-3'
and antisense, 5“TGAAGTCAGAGGAGACCACC-3'. Each
20 pl volume of PCR mixture contained 10 ul premixed Taq
polymerase (Takara Biotechnology Co., Ltd.), 0.5 ul forward
primer, 0.5 ul reverse primer and 8.4 ul double-distilled water.
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The PCR thermocycling conditions were as follows: 94°C for
3 min, followed by 30 cycles of 94°C for 45 sec, 60°C for 45 sec
and 70°C for 2 min, and a final extension step at 72°C for 7 min.
A 2-pl aliquot of PCR product was analyzed by electrophoresis
on a 2% agarose gel containing ethidium bromide, visualized
under UV light, and quantified using ImageJ (version 2.1.4.7,
https://imagej.nih.gov/ij/).

Western blot analysis. Cells were harvested using radioim-
munoprecipitation assay lysis buffer (Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany). The protein concentration of
each cell extract was measured using a bovine serum albumin
protein assay kit (Bio-Rad Laboratories Inc., Hercules,
CA, USA). Proteins were separated by SDS-PAGE on a
10% gel (30 pg/lane). Proteins were transferred to Hybond-P
polyvinylidene difluoride membranes (GE Healthcare Life
Sciences), which were blocked with 5% skimmed milk in
Tris-buffered saline containing 0.1% Tween-20 for 60 min
at room temperature. The membranes were incubated over-
night at 4°C with FLAG-conjugated primary antibodies,
including anti-p21, anti-p14, anti-MYC and anti-[3-actin (cat.
nos. sc-53393, sc-71808, sc-70469 and sc-58673, respectively;
all 1:200 dilution; Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), and anti-Bim (cat. no. 559685; 1:200 dilution;
BD Pharmingen), followed by incubation at room tempera-
ture for 1 h with an anti-FLAG horseradish peroxidase
(HRP)-conjugated monoclonal antibody (cat. no. A8592;
1:5,000 dilution; Sigma-Aldrich; Merck KGaA) in 20 mM
TBS with Tween-20. Immunoreactions were visualized
using an enhanced chemiluminescence kit (GE Healthcare,
Chicago, IL, USA), in accordance with the manufacturer's
protocol. The intensity of each band relative to -actin was
determined quantitatively using ImageQuant TL software
(version 7.0; GE Healthcare Life Sciences). Data are reported
as the mean =+ standard deviation of three replicates for each
experiment.

Colony formation assay. HCC1937 cells were seeded in 6-well
plates. Cells at 50% confluence were subsequently transfected
with WT or mutant (T58A) MYC in triplicate and cultured for
12 days, followed by fixation with methanol and staining with
0.4% crystal violet at room temperature for 10 min. Colonies
containing =10 cells were counted under an inverted micro-
scope at magnification, x100. The colony formation ratio (%)
was determined as the number of cell clones divided by 500
and multiplied by 100.

MTT assay. HCC1937 cells were transfected in 6-well plates
and cultured for 48 h. Cells with the indicated treatments
were harvested and transferred to 96-well plates. Following
24, 48 and 72 h incubation, the medium was removed and
replaced with 100 pl fresh culture medium. MTT (5 mg/ml;
20 pg) was added to each well, followed by incubation at 37°C
for 4 h. Dimethyl sulfoxide (100 ug; Promega Corporation,
Madison, WI, USA) was added to each well, followed by
thorough mixing for 15 sec. Absorbance at 490 nm was
measured using an automated plate reader. Each sample was
analyzed in triplicate, and each experiment was repeated
three times. Cell growth curves were calculated using mean
values for each group.
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TUNEL assay. Glass coverslips (~30-mm diameter) were
placed in the wells of a 6-well plate and cultured in RPMI-1640
medium. HCC1937 cells in the logarithmic growth phase were
seeded in the plates at 1x10° cells/well. When the cells reached
50% confluence, they were transfected and cultured for 48 h.
Cell apoptosis was measured by the TUNEL assay according
to the manufacturer's protocol. The cells were fixed in freshly
prepared 4% methanol-free paraformaldehyde solution in
PBS (pH 7.4) for 25 min at 4°C. Following fixation, the cells
were permeabilized in 0.2% Triton X-100 solution in PBS
for 5 min, washed with PBS and covered with 0.3% H,0, in
PBS for 20 min, at room temperature. The labeling reaction
was performed using TUNEL reaction-mixture label solution
incubated for 1 h at 37°C. The samples were incubated with
streptavidin-HRP for 30 min at room temperature. Following
3 PBS washes, the samples were stained with diaminobenzi-
dine developing solution for 10 min at room temperature, and
washed again 3 times. A total of 5 equal-sized fields were
randomly chosen and analyzed under a Leica DMI 4000B
light microscope (Leica Microsystems GmbH). Density was
evaluated in each positively stained field, yielding the density
of dead cells (cell death index).

Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) flow cytometry. Following 48 h of culture, cells in
the indicated treatment groups were resuspended in binding
buffer at a density of 1x10° cells/ml. A 100-ul sample of cells
was mixed with 5 ug FITC-Annexin V (Sigma-Aldrich; Merck
KGaA) and PI (20 ug/ml, 10 ul; Sigma-Aldrich; Merck KGaA).
The cells were incubated for 20 min in the dark at room
temperature, and 1x10* cells were analyzed from each sample
by flow cytometry (FACSCaliber). Cell apoptosis was assayed
using Cell Quest software (version 5.1; BD Biosciences). Cells
that were positive for Annexin V (Annexin V*) and negative
for PI (PI') were scored as early apoptotic cells. Cells that
were Annexin V* and PI* were scored as late apoptotic cells.
In this way, necrotic cells were excluded (Annexin V* and
PI/PT* cells).

Statistical analysis. All statistical analyses were performed
using SPSS 17.0 software (SPSS Inc., Chicago, IL, USA). Each
result is presented as the mean + standard deviation of three
replicate assays. One-way analysis of variance was used to
analyze differences between groups. The LSD post hoc test
was used to determine pairwise differences between means.
P<0.05 was considered to indicate a statistically significant
difference.

Results

MYC mutant does not induce apoptosis in HCCI1937 cells.
HCC1937 cells were successfully transfected with WT and
mutant MYC. Colony formation (Fig. 1A and B) and MTT
(Fig. 1C) assays demonstrated that cell growth was induced
by WT and mutant MYC compared with the control. Mutant
MYC resulted in greater induction of cell proliferation
compared with WT MYC.

TUNEL assays were performed to detect in situ apop-
tosis (Fig. 1D and E), with dark brown staining of nuclei
indicating apoptotic cells. Compared with control cells, WT
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Figure 1. MYC mutant does not induce apoptosis in HCC1937 cells. (A) Colony formation observed by crystal violet staining of HCC1937 cells, following stable
infection with control, WT MYC or T58 A MYC vectors. (B) Colony number. (C) The MTT cell proliferation assay was performed 24-72 h following transfec-
tion. Absorbance at 490 nm was measured using an automated plate reader. The results were obtained from three replicate experiments. (D) Morphological
alterations in HCC1937 cells were observed under an inverted microscope (magnification, x200). (E) Apoptosis rate of HCC1937 cells infected with control,
WT MYC or TS8A MYC vectors. (F) Cells were harvested and re-stained with Annexin V and PI, followed by flow cytometry to detect apoptosis. The relative
number of cells (%) that represents apoptosis is presented in each quadrant. (G) Apoptosis was determined as the percentage of Annexin V*, PI'/PI* cells. Each
value represents the mean =+ standard deviation of three observations. "P<0.05 and “"P<0.01 vs. control. WT, wild-type; PI, propidium iodide.

cells displayed a higher apoptosis rate (P<0.01). No significant
difference in apoptosis was observed between mutant MYC
and control cells (P=0.30). Flow cytometry was performed
in order to confirm the roles of mutant and WT MYC in
apoptosis (Fig. 1F and G). The same results were obtained
in the two experiments, indicating that mutant MYC induced
proliferation and did not promote apoptosis in HCC1937 cells.

Impairment of Bim induced by mutant MYC.MYC was demon-
strated to bind to Bim, which is involved in stimulus-induced
pS53-independent apoptosis (11-14). The expression levels

of Bim in cells transfected with WT and mutant MYC were
investigated (Fig. 2) to further examine why mutant MYC did
not induce apoptosis. Compared with control cells, the Bim
expression level was increased in WT cells (P<0.01). Bim
expression was comparable in control and mutant MYC cells
(P=0.92). These results indicated that the inability of mutant
MYC to upregulate Bim is associated with its inability to
induce apoptosis.

Mutant MYC is unable to suppress p21 or to induce Bim.
The present study aimed to assess why mutant MYC is
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Figure 2. Expression levels of Bim in HCC1937 cells transfected with T58A and WT MYC. HCC1937 cells were stably infected with control, WT MYC or T58A
MYC vectors. (A) Reverse transcription-semi-quantitative polymerase chain reaction analysis. (B) mRNA expression levels of MYC and Bim. (C) Western blot
analysis. (D) Protein expression levels of MYC and Bim. GAPDH and f-actin were used as controls. Each value represents the mean + standard deviation of
three observations. “P<0.01 vs. respective control. WT, wild-type; MYC, Myc proto oncogene; si, small interfering.

unable to upregulate the expression of Bim (Fig. 3). Earlier
studies supported the view that MYC represses the expression
of p21 (31), while p21 represses the expression of Bim (23),
thereby maintaining the balance between cellular proliferation
and apoptosis. In the present study, in HCC1937 cells with p21
knockdown (P<0.01; Fig. 3B and E), the expression of Bim was
increased (P<0.01; Fig. 3C and F). It was also demonstrated
that p21 expression was significantly diminished (P<0.01;
Fig. 3B and E), and Bim expression was significantly increased
(P<0.01; Fig. 3C and F), in WT MYC-transfected cells
compared with controls. In addition, when p21 was knocked
down (P<0.01; Fig. 3B and E), p21 expression was further
diminished and Bim expression was further increased in WT
MYC/p21-siRNA transfected cells compared with p21-siRNA
transfected cells (P<0.01; Fig. 3). These results suggested
that p21 and Bim may be involved in a negative regulatory
mechanism with MYC.

HCC1937 cells were transfected with mutant MYC and
the expression levels of Bim and p21 were determined,
using RT-sqPCR and western blot analyses (Fig. 3). Bim
and p21 are associated with apoptosis and proliferation.
The p21 and Bim expression levels were similar in mutant
MYC and control cells (P=0.85, 0.82, 0.51 and 0.27, respec-
tively), indicating that mutant MYC was unable to suppress
p21 or induce Bim. To confirm this regulatory mechanism,
HCC1937 cells were transfected with T58A and the p21
siRNA construct (T58A/p21si). The expression level of p21
was demonstrated to be decreased (P<0.01; Fig. 3B and E),
and the expression level of Bim was significantly increased
(P<0.01; Fig. 3C and F). This further demonstrated that
mutant MYC was unable to suppress p21 or induce Bim.
T58A MYC-transfected cells displayed marked proliferation,
yet no induction of apoptosis (P<0.01; Fig. 1). In addition,

these effects of mutant MYC on proliferation and apoptosis
were weakened when cells were transfected with T58A and
p21 siRNA together (P<0.05; Fig. 4). These results indicated
that the breast cancer-derived MYC mutation T58A does not
suppress p21 or induce Bim, which may be the reason why it
does not induce apoptosis.

Mutant MYC is unable to induce pl4 or Bim. The tumor
suppressor pl4 is able to inhibit MYC-induced hyperprolifera-
tion and induce p53-independent apoptosis (18). In the present
study it was reported that in HCC1937 cells transfected with
pl4 siRNA (P<0.05; Fig. 5), Bim expression was decreased
(P<0.05; Fig. 5C and F). WT cells displayed significantly
increased expression levels of pl4 and Bim (P<0.05; Fig. 5);
however, when pl4 was knocked down, pl4 and Bim expres-
sion levels were further diminished in WT MYC/pl4-siRNA
transfected cells compared with pl4-siRNA transfected cells
(P<0.05, P<0.01; Fig. 5). Thus, pl4 and Bim appear to form a
positive regulatory mechanism with MYC.

To examine how mutant MYC regulated pl4 and Bim,
the expression levels of Bim and pl4 were analyzed, using
RT-sqPCR and western blot analyses in mutant MYC cells
(Fig. 5). The expression levels of pl4 and Bim were similar
in mutant MYC and control cells (P=1.0, 0.41, 0.95 and 0.25,
respectively). HCC1937 cells were transfected with TS8A and
the p14 siRNA construct (T58A/pl4si). When p14 was blocked
(P<0.05; Fig. 5B and E), T58A/pl4si cells displayed signifi-
cantly lower expression levels of Bim (P<0.01; Fig. 5C and F)
compared with cells transfected with T58A alone. TS8A
MYC-transfected cells demonstrated notable proliferation
and decreased apoptosis (P<0.01; Fig. 1). In addition, these
effects of mutant MYC on proliferation and apoptosis were
strengthened when cells were transfected with TS8A and the
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Figure 3. Mutant MYC does not suppress p21 or induce Bim. HCC1937 cells were stably infected with control, p21siRNA, WT MYC, WT and p21siRNA
construct, TS8A MYC vectors, and with T58A and p21 siRNA construct simultaneously. (A) Reverse transcription-semi-quantitative polymerase chain
reaction analysis. (B) mRNA expression levels of p21. (C) mRNA expression levels of Bim. (D) Western blot analysis. (E) Protein expression levels of p21.
(F) Protein expression levels of Bim. GAPDH and p-actin were used as controls. Each value represents the mean + standard deviation of three observations.
“P<0.01 vs. control; “P<0.01 vs. control/p21si. WT, wild-type MYC; Myc proto-oncogene; si, small interfering.
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Figure 4. Effects of mutant MYC on proliferation and apoptosis are weakened when cells are co-transfected with TSSA MYC and p21 siRNA. (A) MTT cell
proliferation assay performed 24-72 h following transfection. Absorbance at 490 nm was measured with an automated plate reader. Results were obtained from
three replicate experiments. (B) The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay detected the apoptosis rate of HCC1937
cells infected with control, WT MYC, T58A MYC vectors, and with T58A and the p21 siRNA construct at the same time (T58A/p21si). Each value represents
the mean + standard deviation of three observations. “P<0.01 vs. control; "P<0.05 and "P<0.01 vs. T58A/p21si. WT, wild-type; si, small interfering.
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Figure 5. Mutant MYC does not induce pl4 or Bim. HCC1937 cells were stably infected with control, p21siRNA, WT MYC, WT and p21siRNA construct,
T58 A MYC vectors, and with TS8A and p14 siRNA construct at the same time. (A) Reverse transcription-semi-quantitative polymerase chain reaction analysis.
(B) mRNA expression levels of pl4. (C) mRNA expression levels of Bim. (D) Western blot analysis. (E) Protein expression levels of p14. (F) Protein expression
levels of Bim. GAPDH and f-actin were used as controls. Each value represents the mean + standard deviation of three observations. “P<0.01 vs. control;
"P<0.05 and ""P<0.01 vs. control/pl4si; ““P<0.01 vs. T58A. WT, wild-type; si, small interfering.

pl4 siRNA together (P<0.05; Fig. 6). These results suggested
that mutant MYC does not induce pl4 or Bim, in contrast with
previous reports. Hemann et al (9) reported that mutant MYC
induced pl4 and not Bim. This finding may have been due to
the expression of p53. The results of the present study demon-
strated that the breast cancer-derived MYC mutation T58A
does not induce p14 or Bim, which may be another reason why
it does not induce apoptosis.

Discussion

The results of the present study revealed novel insights into
the biology of the MYC oncoprotein in breast cancer cells. In
breast cancer with loss of p53, WT MYC and T58A mutant
MYC are able to promote cell proliferation. In addition,
WT MYC may also induce cell apoptosis, whereas T58A
mutant MYC does not induce cell apoptosis. These results
demonstrated that MYC, and not the MYC mutant, may be
able to induce apoptosis in a p53-independent manner.

Hemann et al (9) previously reported that mutant MYC
was unable to induce Bim expression, yet still activated the
p53 pathway to a similar extent compared with WT MYC in
Burkitt lymphoma. This may explain why tumors with mutant
MYC are less prone to apoptosis (9). The results of the present
study indicated that the tumor-derived MYC mutant T58A is
relevant in breast cancer pathology, as it is unable to upregu-
late Bim or to induce apoptosis to protect against unrestrained
proliferation in breast cancer.

Until now, MYC was thought to regulate Bim through the
MYC-pl4-Bim and MYC-p21-Bim networks, which interact
with each other via mechanisms that are poorly understood.
However, the reason why the MYC mutant is unable to
promote apoptosis is unclear. Earlier studies supported the
view that MYC represses the expression of p21, and that p21
represses the expression of Bim, to regulate cellular prolifera-
tion and the tumor surveillance response. In the present study,
when HCC1937 cells were transfected with WT MYC, the
expression level of p21 was significantly diminished and the
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Figure 6. Effects of mutant MYC on proliferation and apoptosis are strengthened when cells are transfected with TS8A and p14 siRNA simultaneously.
(A) MTT cell proliferation assay performed 24-72 h following transfection. Absorbance at 490 nm was measured with an automated plate reader. Results were
obtained from three replicate experiments. (B) The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling assay detected the apoptosis rate
of HCC1937 cells infected with control, WT MYC, TS8A MYC vectors, and with TS8A and p14 siRNA construct simultaneously (T58A/pl4si). Each value
represents the mean + standard deviation of three observations. “P<0.01 vs. control; “P<0.05 and #P<0.01 vs. T58A/pl4si. WT, wild-type; si, small interfering.

expression level of Bim was significantly increased. Thus, p21
and Bim seem to form a negative regulatory pathway with
MYC. Furthermore, mutant MYC did not suppress p21, induce
Bim, or induce apoptosis to prevent unrestrained proliferation.
When p21 was blocked, the expression of Bim was significantly
increased and the effects of mutant MYC on proliferation and
apoptosis were weakened. From these results, it was concluded
that breast cancer-derived TS8A MYC does not induce apop-
tosis, which is associated with its failure to suppress p21 and
activate Bim.

pl4 is a tumor suppressor protein, which is regulated by
the MYC protein and is able to induce apoptosis (16). Further
analysis has revealed that pl4 may be combined with E2F to
serve a role in tumor detection (19). The E2F family is a class
of transcription factors that accumulate in Bim enhancers
to regulate apoptosis induction. It seems that normal MYC
increases pl4, which interacts with Bim to induce apoptosis.
The present study reported that the expression levels of pl4
and Bim were significantly increased in WT MYC-transfected
HCC1937 cells. These results confirm that pl4 and Bim may
form a positive regulatory association with MYC. It was also
reported that mutant MYC was unable to upregulate pl4 or
Bim. When pl14 was blocked, the expression level of Bim was
significantly decreased due to transfected T58A. In addition,
these effects of mutant MYC on proliferation and apoptosis
were strengthened. Therefore, it was concluded that the breast
cancer-derived MYC mutation T58A does not induce apop-
tosis, which is associated with its failure to activate p14 or Bim.

MYC-initiated alterations in gene expression have a
variety of effects resulting in the formation of breast cancer.
A previous study reported that the T58 A mutation in MYC
may enhance the formation of tumors (32). In recent work,
the T58A mutations in MYC reduced the dependence on
KRAS proto-oncogene mutations for tumorigenesis (33). In
the present study, the TS8A mutation was MYC is not able to
regulate pl4/p21 in MYC-induced apoptosis in p53-deficient
breast cancer. However, the role of the T5S8A mutation in
MYC-induced apoptosis is unclear. Further studies on the
mechanism of the TS8A MYC mutation in the development of
breast cancer are required.

Substantial evidence has established that p53 is a key
tumor suppressor, apoptosis-inducer and prognostic marker

in cancer (34-36). The p53 status of a tumor may have a strong
influence on tumor sensitivity to commonly used anticancer
drugs and radiotherapy, given that the majority of anticancer
treatments trigger DNA damage-induced apoptosis. The
mechanism by which MYC activates Bim may provide
important insights into novel tumor-specific treatment
strategies, as activated Bim induces a p53-independent form
of apoptosis that is induced by oncogenes rather than by DNA
damage. Considering that p53 expression is lost in one-half
of all human tumors (34), the unique MYC-pl4-Bim and
MYC-p21-Bim apoptosis pathways may have potential in the
development of future therapeutic agents as an alternative to
p53 reactivation.
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