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Abstract. Transforming growth factor‑β (TGF‑β) has an 
important role in multiple target genes and signaling path-
ways. The E2F family of transcription factors is a group of 
DNA‑binding proteins that are involved in cell‑cycle progres-
sion, and therefore have a key role in proliferation. The present 
study demonstrates that inhibition of cell growth by TGF‑β 
occurs in the multiple myeloma cell line MM.1S. However, 
the growth‑suppressive effects of TGF‑β may be reversed by 
small interfering (si)RNA to reduce the expression of E2F1. 
TGF‑β1 and E2F1 siRNA were manipulated in MM.1S cells 
to investigate the association between these genes. FACScan 
Flow Cytometer, western blot analysis and other methods were 
adopted to confirm such interrelation. The present data showed 
that TGF‑β mediated growth suppression in MM.1S cells, 
while inducing E2F1 protein expression levels rapidly and 
transiently. The present data support the hypothesis that E2F1 
is a central mediator of TGF‑β‑induced growth suppression in 
MM.1S cells and control of E2F1 may be a downstream event 
of TGF‑β action, at least in one multiple myeloma cell line.

Introduction

Transforming growth factor‑β (TGF‑β) has an important role 
in essential cell phenotypes, particularly in cell proliferation, 
differentiation and apoptosis. Paradoxically, TGF‑β can be 
either a tumor suppressor or a tumor promoter, depending 
on the cell context and tissue (1). The canonical signaling 
pathway activated by TGF‑β is the SMAD pathway (2). It 
is also involved in other signaling pathways, including the 

mitogen‑activated protein kinase, protein kinase B, mamma-
lian target of rapamycin and nuclear factor‑κB signaling 
pathways (3). However, the downstream mechanisms of TGF‑β 
that induce cell growth suppression have not been verified yet.

The E2F family of transcription factors is a group of 
DNA‑binding proteins that are involved in cell‑cycle progres-
sion, and therefore play a key role in cell proliferation (4). 
E2F1has a more pivotal role than other E2Fs, due to its unique 
character of inducing both cell‑cycle progression and apop-
tosis  (5). The transcriptional activity of E2F1 is regulated 
through the association with retinoblastoma tumor‑suppressor 
protein (pRb) (6). Certain studies have reported that TGF‑β 
regulates the transcription of a number of pro‑apoptotic genes 
in an E2F1‑dependent manner in cancer cell lines from various 
tissues (7). To investigate whether E2F1 could also mediate the 
TGF‑β‑induced cytostatic response in multiple myeloma cells, 
the MM.1S cell line was used in the present study.

The present study found that cell proliferation was mark-
edly inhibited in TGF‑β‑treated MM.1S cells, and this process 
was reversed subsequent to anti‑E2F1siRNA treatment. The 
present data support the conclusion that E2F1 is a central 
mediator of the TGF‑β induced growth arrest, at least in one 
of the multiple myeloma cell lines.

Materials and methods

Cell lines, reagents, treatments and transfection. Human 
myeloma MM.1S cells were obtained from American Type 
Culture Collection (Manassas, VA, USA). The multiple 
myeloma cells were maintained in RPMI‑1640 medium 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% fetal bovine serum (FBS) 
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA), 
50 U/ml penicillin and streptomycin, and cells were grown 
at 37˚C in a 5% CO2 atmosphere. All TGF‑β treatments 
were performed in serum‑free medium with or without 
5 ng/ml TGF‑β1 (PeproTech, Rocky Hill, NJ, USA) to cells 
which were serum‑starved for 24 h. A total of 105 cells per 
well were seeded into a 6‑well cell culture plate in 2 ml of 
antibiotic‑free normal growth medium supplemented with 
FBS. Cells were transiently transfected with siRNAs against 
E2F1 (cat. no. sc‑29297) or control siRNA (cat. no. sc‑37007; 
both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA), 
according to the manufacturer's instructions.
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Cell viability assays. The MM.1S cells were seeded in 96‑well 
plates at a density of 10,000 cells per well. After 24, 48 or 
72 h, cell viability was determined by assaying with MTS 
assay (Promega Corp., Madison, WI, USA). The MTS assay 
was performed according to the manufacturer's instructions. 
Absorbance was measured at 490 nm with a Chameleon plate 
reader (Bioscan, Inc., Poway, CA, USA).

Cell cycle analysis. In total, 104 cells from each group were 
seeded into a 6‑well culture plate. Cells were then harvested 
subsequent to culture for 72 h and fixed in 80% ethanol. The 
fixed cells were stained with propidium iodide (PI). The cell 
cycle distribution analysis was performed by FACS can Flow 
Cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and 
analyzed by the CellQuest software package. Each procedure 
was repeated three times.

Western blot analysis. Cells were washed with ice‑cold 
phosphate‑buffered saline, and total proteins were isolated 
using radioimmunoprecipitation assay lysis buffer, which 
included protease inhibitors (leupeptin, antipain and apro-
tinin), 0.5 mM PMSF and 0.2 mM sodium orthovanadate 
(Thermo Fisher Scientific, Inc.). Protein amounts were quanti-
fied by the Bradford Protein Assay (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA). Equal amounts of proteins were 
loaded and separated on Criterion™ Tris‑HCl Precast Gels 
(Bio‑Rad Laboratories, Inc., Hercules, CA, USA), transferred 
onto polyvinylidene fluoride membranes, and probed with the 
appropriate antibody, as follows: Rabbit polyclonal anti‑E2F1 
(cat. no.  3742; dilution, 1:1,000) or anti‑phospho‑pRb 
(cat. no. 9308; dilution, 1:1,000) (Cell Signaling Technology, 
Danvers, MA, USA). The antibody was added for an overnight 
incubation at 4˚C. Membranes were then washed, incubated 
with horseradish peroxidase‑conjugated goat anti‑rabbit 
immunoglobulin (cat. no. P0448; dilution, 1:2,000; Dako; 
Agilent Technologies, Inc., Santa Clara, CA, USA), and devel-
oped with SuperSignal chemiluminescent substrate (Pierce; 
Thermo Fisher Scientific, Inc.).

Statistical analysis. The results are expressed as the 
mean  ±  standard deviation. Subsequent to identifying a 
normal distribution, data were compared using Student's 
t‑test. P<0.05 was considered to indicate a statistically signifi-
cant difference. Bonferroni correction was adopted as the 
post‑hoc test used to control for multiple comparisons with 
the same control.

Results

TGF‑β‑mediated growth suppression in MM.1S cells. MM.1S 
cells were grown in the presence or absence of TGF‑β, as 
indicated, and cell viability was assessed using a MTS assay. 
It was found that growth of MM.1S cells was inhibited by 
TGF‑β in a time‑dependent manner (P<0.05; Fig. 1A). This 
was confirmed by a reduction in cell count (P<0.05; Fig. 1B). 
MM.1S cells were seeded overnight at 3x105/ml, during which 
time almost 60% of cells were synchronized in the G1 phase 
of the cell cycle, as measured by PI staining (Fig. 1C). Cells 
were then stimulated or not with TGF‑β for 48 h. Control cells 
progressed from G1 to S phase through the cell cycle, whereas 

Figure 2. The efficiency of E2F1 knockdown by siRNA was verified by immu-
noblotting using an E2F1‑specific antibody. Ctl, cells without transfection; 
siRNA, small interfering RNA; Ctl siRNA, cells transfected with unrelated 
siRNA controls; E2F1 siRNA, cells transfected with anti‑E2F1 siRNA.

Figure 1.TGF‑β induces efficient G1 cell cycle suppression in MM.1S 
cells. (A) The MM.1S cell lines were either left untreated or treated with 
5 ng/ml TGF‑β for the indicated times and assessed for cell viability by MTS. 
(B) Cells were treated as aforementioned, and the cell count was determined 
at the indicated time points. Results are expressed as the mean ± standard 
deviation of two independent experiments, with each performed in triplicate. 
(C) MM.1S cells were seeded at a density of 3x105 cells/ml overnight, stained 
with propidium iodide, and analyzed by flow cytometry. Bar graphs show 
the percentage of MM.1S cells in each cell cycle phase for three independent 
experiments. TGF‑β, transforming growth factor‑β. *P<0.05.
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TGF‑β‑treated cells exhibited efficient G1 cell cycle suppres-
sion (P<0.05; Fig. 1C).

E2F1 is required for TGF‑β‑mediated growth suppression. 
To study the contribution of E2F1 in mediating this TGF‑β 
response, RNA interference was used to reduce the expression of 
endogenous E2F1 (Fig. 2). It was found that the effect of TGF‑β 
on cell viability in the MM.1S cell lines tested was almost 
completely prevented when E2F1 expression was silenced, indi-
cating that E2F1 is required for mediating the TGF‑β‑induced 
response in the multiple myeloma MM.1S cell line (P<0.05; 
Fig.  3A). The cells transfected with anti‑E2F1 siRNA had 
reduced TGF‑β‑mediated growth suppression in cell counting 
experiments (P<0.05; Fig. 3B and C). The effect of anti‑E2F1 
siRNA on the MM.1S cell cycle was examined and each test 
was repeated three times. Fig. 3D showed the mean values of 
triplicate experiments. Compared with the control MM.1S cells, 
the percentage of G1 stage cells was reduced following transfec-
tion with siRNA E2F1 construct. Although the percentage of 
S stage cells was significantly increased, no significant change 
was identified in the proportion of G2/M stage cells.

TGF‑β induces E2F1 protein expression levels rapidly and 
transiently. To determine whether E2F1 expression itself is 

regulated by TGF‑β, the TGF‑β effect on E2F1 protein expres-
sion levels was examined in MM.1S cells. As shown in Fig. 4, 
E2F1 protein levels are induced by TGF‑β. This effect was 
transient (within 4 h); however, longer exposure to TGF‑β 
resulted in a return to basal E2F1 protein levels (within 24 h). 
It was also found that the phosphorylation state of pRb showed 
a similar trend.

Figure 3. TGF‑β‑mediated cell growth suppression is impaired in E2F1‑null MM.1S cells. (A) Cells without transfection, cells transfected with unrelated 
siRNA controls and cells transfected with anti‑E2F1 siRNA were stimulated or not with TGF‑β for 48 h, and cell viability was assessed by MTS assay. (B) Cell 
numbers following 48 h of TGF‑β treatment. Cells were seeded overnight at 3x105/ml and treated with or without 5 ng/ml TGF‑β for experiment and analyzed 
as the mean ± standard deviation. (C) Reduction in cell number induced by TGF‑β (expressed as a percentage of untreated control cultures) determined 
from three independent experiments (n=3). (D) MM.1S cells without transfection, cells transfected with unrelated siRNA controls and cells transfected with 
anti‑E2F1 siRNA were stimulated with TGF‑β for 48 h, stained with propidium iodide, and analyzed by flow cytometry. Bar graphs show the percentage of 
MM.1S cells in each cell cycle phase for the average of three independent experiments. Ctl, cells without transfection; siRNA, small interfering RNA; Ctl 
siRNA, cells transfected with unrelated siRNA controls; E2F1 siRNA, cells transfected with anti‑E2F1 siRNA; TGF‑β, transforming growth factor‑β. *P<0.05.

Figure 4. Western blot analysis of the phosphorylation state of pRb and 
total E2F1 protein levels in TGF‑β‑treated cells shows TGF‑β induces E2F1 
protein expression levels transiently. TGF‑β, transforming growth factor‑β; 
pRb, retinoblastoma tumor‑suppressor protein.
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Discussion

Although numerous cell proliferation mediators and 
signaling pathways have been implicated in TGF‑β medi-
ated growth arrest, the majority of these mechanisms appear 
to be tissue‑specific and cell type‑dependent (8). Previous 
studies have indicated that the key event in TGF‑β‑mediated 
cytostatic responses in epithelial cells is c‑myc and its 
target genes. TGF‑β‑mediated cytostasis is induced by 
Smad‑dependent regulation of target genes involved in cell 
cycle control (9-11). Progression between G1 and S phase is 
dependent on cyclin‑dependent kinases (CDKs), including 
CDK2, CDK4, CDK6, cyclin D and cyclin E (9,10,12,13). The 
downregulation of c‑myc prevents TGF‑β mediated cell cycle 
arrest (11). At present, evidence whether the mechanism is 
suitable for non‑epithelial cells, such as hematological cells, is 
lacking (14). The present study analyzed the common multiple 
myeloma MM.1S cell line and defined a novel process of the 
TGF‑β‑E2F1 signaling axis, and identified E2F1 as a critical 
mediator of the TGF‑β proliferation inhibition program in 
multiple myeloma cells.

To examine the association between TGF‑β, E2F1 expres-
sion and proliferation of MM.1S cells, the expression of E2F1 
was inhibited by siRNA in MM.1S cells in the present study. 
The current study showed that TGF‑β‑induced growth suppres-
sion was reversed in MM.1S cells subsequent to transfection 
with anti‑E2F1 siRNA. It demonstrated that E2F1 has an essen-
tial role in TGF‑β activity and cell proliferation in MM.1S cells.

The pRb‑E2F1 complex has been shown to be a suppressor 
of E2F target genes, with phosphorylation of pRb leading to 
disruption of the pRb‑E2F1 complex, which is required to 
release free E2F1, in order to induce transcription of its target 
genes (6,15,16). Loss of pRb function induces resistance to 
TGF‑β (17). It is also evident that E2F1 has an important role 
in cell growth control and regulation of G1 progression. The 
control of E2F1 activity may be a downstream event from the 
action of G1 CDKs. The growth‑suppressing effects of TGF‑β 
coincide with the downregulation of G1 kinase activities 
and the concomitant conversion of Rb to the phosphorylated 
form (17,18). Therefore, the E2F1 activity may be an important 
target of the TGF‑β growth‑inhibitory signaling pathway. The 
present results support this model, since the TGF‑β‑mediated 
growth suppression can be overcome by reduced expression of 
the E2F1 product. In the present study, TGF‑β signaling rapidly 
induced phosphorylation of pRb, and E2F1 protein levels 
strongly increased accordingly. However, the effect was tran-
sient, with both the p‑pRb and E2F1 protein levels returning to 
the basal level within 24 h. This supports the hypothesis that 
E2F1 activity is controlled through association with pRb.

In multiple myeloma, TGF‑β is secreted by myeloma and 
bone marrow stromal cells (19,20). TGF‑β is an important 
factor during the disease development, which involves a 
complex signaling pathway network. The canonical signaling 
SMAD (21,22) pathway and the non‑SMAD (23‑25) signaling 
pathways have been studied extensively. Numerous genes, 
including c‑myc, CDK, p53 and numerous other inhibitors of 
DNA binding genes are described as key growth‑promoting 
factors; however, E2F1is not (26). Spender and Inman (27) 
reported that downregulation of E2F1 is the predominant 
mechanism by which TGF‑β could induce cell cycle arrest in 

Burkitt lymphoma cells. Korah et al (28) reported that E2F1 
is central to TGF‑β‑mediated apoptosis. In the present study, 
it was found that the transcription factor E2F1 is involved, at 
least partially, in the TGF‑β‑induced growth arrest. However, 
the possibility that induction of other targets or pathways also 
contributes to TGF‑β‑mediated cell growth arrest cannot 
be excluded. The possible mechanisms are independent of 
other well‑established genes and are likely to have occurred 
downstream of known signaling pathways. The present data 
support the notion that E2F1 is a central mediator of TGF‑β 
induced growth suppression in MM.1S cells. An improved 
understanding of the mechanisms by which both TGF‑β and 
E2F1 exert their roles maybe useful for the identification of 
therapeutic strategies in multiple myeloma.
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