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Overexpression of transforming growth factor-b1 (TGF-b1) and its
downstream molecules in the rhabdomyosarcoma (RMS) RD cell
line has been reported previously, but the regulatory role of TGF-
b1 on RMS has not been studied extensively. In the present study,
we showed that expression of TGF-b1 and its downstream mole-
cules type II TGF-b receptor (TbRII) and Smad4 was significantly
higher in RMS than in normal skeletal muscle, and there was a sig-
nificant relationship between TGF-b1 expression and histological
grade. Gene silencing with TGF-b1 short-hairpin RNA (shRNA)-
expressing vectors significantly decreased the growth of RD cells,
which was confirmed by caspase-3 (in vitro) and TUNEL (in vivo)
assays. Moreover, a proportion of treated rhabdomyosarcoma
(RD) cells changed to a round shape from the normal fusiform or
polygonal shape and expressed myofilaments. Myogenin is one of
the myogenic differentiation genes (MyoD) family of myogenic
regulators, and was obviously higher in TGF-b1-shRNA-treated
tumors than it in control at the mRNA and protein level. Immuno-
histochemical staining with myogenic differentiation markers such
as myosin and desmin in subcutaneous RMS tissue showed that
TGF-b1 shRNA increased staining for myosin. These results provide
new insight into the biological function of TGF-b1 in malignant
tumors, and imply that the TGF-b1 signal pathway is a potential
therapeutic target for drugs that induce differentiation of RMS.
(Cancer Sci 2010; 101: 1108–1116)

M ost tumor cells secrete transforming growth factor-b1
(TGF-b1), which may affect their growth and the sur-

rounding environment, and lead to tumor progression and metas-
tasis.(1,2) However, the intriguing feature of TGF-b biology is
that its effects are cell-type dependent. TGF-b1 inhibits prolifer-
ation of many epithelial cell types, and the accumulation of loss-
of-function mutations in the TGF-b1 ⁄ Smad signaling pathway
contributes to the development of carcinoma.(1,3) TGF-b1 also
acts as a growth stimulator for some cells of mesenchymal ori-
gin such as fibroblasts, chondrocytes, and osteoblasts, as well as
several tumor cell lines,(4) and inhibits myogenic differentiation
through Smad3-mediated transcriptional repression.(5)

Rhabdomyosarcoma (RMS) is the commonest malignant soft-
tissue tumor in childhood and adolescence. Although most RMS
tumor cells are characterized by expression of myogenic-pro-
moting transcription factor, they fail to undergo terminal differ-
entiation into skeletal muscle.(6,7) Several studies have indicated
that increased levels of insulin-like growth factor II,(8) basic
fibroblast growth factor,(9) epidermal growth factor,(10) and
TGF-b1(11) in RMS are associated with tumorigenesis and tumor
progression, by regulating growth and differentiation of RMS.
We have shown previously that the RD embryonal RMS tumor
cell line autocrines TGF-b1 and overexpression of its receptors
and their downstream molecules.(12) Interruption of endogenous
TGF-b ⁄ Smad signaling by RNAi-mediated Smad4 gene silenc-
ing may induce the growth inhibition and apoptosis of
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rhabdomyosarcoma (RD) cells.(13) Therefore, in the light of
evidence of interplay between proliferation and differentiation
within the myogenic lineage,(14) it is of interest to explore the
possibility that TGF-b1 induces steps towards RMS tumorigene-
sis or blocks differentiation of RMS.

The aims of the present study were to examine expression of
TGF-b1 and its downstream molecules in human RMS tissue
and their relationship with clinicopathological parameters, and
to demonstrate the effects of TGF-b1 silencing on differentia-
tion and growth of RMS by using short-hairpin RNA interfer-
ence (shRNAi) technology.

Materials and Methods

Tissue sampling. Sixty-eight RMS and 22 normal skeletal
muscle samples were obtained from the West China Hospital of
Sichuan University. All samples were confirmed histologically.
The histological material consisted of initial biopsy or resection
specimens and of post-chemotherapy biopsy specimens from
residual, recurrent, or metastatic tumor sites. All specimens were
embedded in paraffin and stained with hematoxylin–eosin.
Forty-two of the patients were male, and 28 were female. Their
ages were 1–30 years (median, 15 years). All RMSs were classi-
fied histologically as grade I (n = 25), grade II (n = 22), or
grade III (n = 21), according to the most differentiated areas in
the tissue.(15) The growth patterns were designated as solid,
alveolar, or botryoid, but were not taken into consideration in
the classification.

Immunohistochemistry. Paraffin-embedded tissue sections
(3–5 lm thick) were immunostained. The slides were subjected
to antigen retrieval as follows. After boiling in 10 mM citrate
buffer for 10 min in a microwave oven, the tissue sections were
incubated with 10% normal rabbit serum in buffer for 45 min to
block nonspecific binding sites. Then, consecutive sections were
incubated with antibodies (Table 1) at 4�C overnight. The slides
were rinsed with washing buffer and incubated with peroxidase-
conjugated IgG (Shanghai Genomics, Shanghai, China) for
45 min at room temperature. After washing, each section was
stained with diaminobenzidine–chromogen substrate mixture
(Dako, Carpinteria, CA, USA), and then counterstained with
hematoxylin. Slides were examined under a light microscope.
The expression of TGF-b1 signaling pathway proteins were
classified according to the following grading system: staining
extensity was categorized as 0 (no positive cells), 1 (£25% posi-
tive cells), 2 (>25% and £50% positive cells), or 3 (>50% posi-
tive cells); and staining intensity was categorized as 0
(negative), 1 (weak), 2 (moderate), or 3 (strong). The individual
categories were added to give a total immunoreactive score
(IRS).
doi: 10.1111/j.1349-7006.2010.01512.x
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Table 1. Characteristics of the primary antibodies used

Antibody Manufacturer Catalog Isotype Applications Dilution

TGFb1 Santa Cruz Biotechnology,

Santa Cruz, CA, USA

sc-52893 Mouse monoclonal IgG IHC, WB 1:100, 1:1000

TbRII Santa Cruz Biotechnology,

Santa Cruz, CA, USA

sc-220 Rabbit polyclonal IgG IHC 1:100

Smad4 Santa Cruz Biotechnology,

Santa Cruz, CA, USA

sc-7966 Mouse monoclonal IgG IHC 1:50

Caspase3 Santa Cruz Biotechnology,

Santa Cruz, CA, USA

sc-7148 Rabbit polyclonal IgG IF 1: 50

Ki-67 Boster, Wuhan, China BA1508 Rabbit polyclonal IgG IHC 1:100

Myosin Invitrogen, Carlsbad, CA, USA 18-0105 Mouse monoclonal IgG IHC 1:100

Desmin Invitrogen, Carlsbad, CA, USA 18-0016 Mouse monoclonal IgG IHC 1:100

Myogenin Abcam, Cambridge, UK Ab734 Mouse monoclonal IgG IHC 1:50

b-Actin Santa Cruz Biotechnology,

Santa Cruz, CA, USA

sc-47778 Mouse monoclonal IgG WB 1:1000

IHC, immunohistochemistry; TGF-b1, transforming growth factor-b1; TbRII, type II TGF-b receptor; WB, western blotting.
Tumor cell line and cell culture. The human embryonal RMS
RD cell line was obtained from the American Type Culture
Collection (ATCC; Manassas, VA, USA).(16) Normal human
primary skeletal myoblasts, obtained from passage culture,(12)

were maintained in complete Dulbecco’s modified Eagle’s
medium (DMEM) that contained 10% fetal calf serum (FCS)
and 100 lg ⁄ mL doxycycline, and then incubated at 37�C in a
5% CO2 humidified atmosphere. The differentiation medium
comprised serum-free DMEM with 10 mg ⁄ mL insulin and
transferrin.(17,18)

Construction and transfection of TGF-b1-shRNA-pSUPER
vector. TGF-b1-specific shRNAs were designed with the Tar-
get Finder of Ambion (http://www.ambion.com/techlib/misc/
siRNA_finder.html). The humanTGF-b1-specific oligonucleo-
tide sequences 5¢-GATCCCCCAAUUCCUGGCGAUACCUC-
ttcaagagaGAGGUAUCGCCAGGAAUUGUUUttcaagagaCAG-
CTCCATGTCGATAGTCTTTTTGGAAA-3¢ and 5¢-AGCTTT-
CCA AAAAGACTATCGAC ATGGAGCTGtctcttgaaCAGCT-
CCATGTCGATAGTCGGG-3¢ were synthesized according to
the method of Sangon (Shanghai, China). The TGF-b1-specific
parts of the sequence are underlined, and this is the optimal site
for TGF-b1 gene silencing, as described previously.(19) These
oligonucleotides were ligated into the mammalian expression
vector pSUPER gfp-neo (catalog: VEC-PBS -0006; OligoEn-
gine, Seattle, WA, USA) at the BglII and HindIII cloning sites.
The H1-RNA promoter was cloned in front of the gene-specific
targeting sequence and five thymidines (T5) as a termination
signal, as it produces a small RNA transcript, as reported previ-
ously.(20) A neomycin resistance cassette was cloned into the
pSUPER vector to select for stable transfectants. The vectors
were transfected into RD cells using Effectent Transfection
Reagent (Qiagen, Hilden, Germany). Cells were selected with
neomycin to establish a stable cell line for TGF-b1-siRNA
expression.

Western blotting. A total of 3 · 105 cells were plated in
60-mm dishes and allowed to adhere for 24 h. On day 6 after
selecting the stable cell line for TGF-b1-siRNA expression
with neomycin, cells were harvested and lysed in TNES buffer.
Equal amounts of total protein were electrophoresed on 8%
SDS polyacrylamide gels and electrotransferred onto polyvinyl
dine difluoride membranes. The membranes were blocked with
1· TBS that contained 5% nonfat powdered milk (w ⁄ v),
0.02% sodium azide, and 0.02% Tween-20, and were then
incubated with anti-TGF-b1 monoclonal antibody (Table 1),
diluted at 1:1000. After washing, primary antibodies were
detected with peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), diluted at
Wang et al.
1:2000, using an enhanced chemiluminescence detection sys-
tem (Santa Cruz Biotechnology). Equality of sample loading
was demonstrated by anti-b-actin immunoblotting (Santa Cruz
Biotechnology).

Enzyme-linked immunosorbent assay (ELISA). Six days after
selecting the stable cell line for TGF-b1-siRNA expression with
neomycin, the selected RD cells were plated in 96-well plates at
4 · 104 cells per well for 6 days, and some untreated RD cells
acted as a control. TGF-b1 protein levels in culture medium
were determined by ELISA (Jingmei Company, Guangzhou,
China) according to the manufacturer’s instructions. TGF-b1
antibody was coated onto a 96-well plate. Biotinylated second-
ary antibody and streptavidin–horseradish peroxidase (HRP)
were used for detection of binding of TGF-b1. Absorbance was
determined at 570 nm with an ELISA reader (Model 550; Bio-
Rad, Hercules, CA, USA).

Immunofluorescence staining. After cultivating on coverslips
for 24 h in DMEM that contained 10% FCS, RD cells were trea-
ted with TGF-b1 shRNA. One, 2, 4, and 6 days after transient
transfection with TGF-b1 shRNA in DMEM that contained 1%
FCS, caspase-3-positive cells were analyzed with immunofluo-
rescence staining. Briefly, the coverslips were washed with iced
PBS and fixed with 4% paraformaldehyde for 15 min at 4�C.
After washing with PBS, the cells were blocked with 5% goat
serum in PBS that contained 1% BSA at 37�C for 30 min. The
cells were incubated at 4�C overnight with antibodies (Table 1)
in PBS that contained 1% BSA. After the cells were washed
with PBS, a 1:100 dilution of fluorescein isothiocyanate (FITC)-
conjugated IgG was applied as the secondary antibody for 1 h at
room temperature. The slides were washed, mounted, and photo-
graphed under a fluorescence microscope (BX2-FLB3-000;
Olympus, Tokyo, Japan). At least 200 cells ⁄ slide in random
fields were counted with a ·20 objective to determine the per-
centage of FITC-positive cells. Each experiment was repeated at
least three times.

Cell growth assays. RD cells were plated at 4 · 104 cells per
well in 96-well plates in the absence or presence of TGF-b1-
shRNA-pSUPER for 1, 2, 4 and 6 days. During the last 4 h of
each treatment, cells were pulsed with 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis,
MO, USA) 10 lL ⁄ well or with 3.7 · 104 [3H]thymidine
(1 lCi) ⁄ well. Subsequently, cells were incubated at 37�C for
4 h to allow MTT formazan formation. The medium and MTT
were replaced by 100 lL DMSO to dissolve the formazan crys-
tals. After 30 min, the optical density (OD) at 557 nm was
determined using a microplate reader (Model 550; Bio-Rad).
For [3H]thymidine incorporation assay, after cells were pulsed
Cancer Sci | May 2010 | vol. 101 | no. 5 | 1109
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Table 2. Primer sequences from Cui Chang-Hao (21)

Targets Sense primer 5¢–3¢ Antisense primer 5¢–3¢
Annealing

temperature (�C)

Product

size (bp)

Myogenin GCCACAGATGCCACTACTTC CAACTTCAGCACAGGAGACC 62 519

Myosin CAGTAGCCCCATCACATTTG ATAACGCAATGGACAAGTGG 65 566

Desmin CCTACTCTGCCCTCAACTTC AGTATCCCAACACCCTGCTC 62 565

GAPDH CCACCCATGGCAAATTCCAT TCAAGACGGCAGGTCAGGTC 70 597
with [3H]thymidine, the cells were rinsed with PBS and DNA
were precipitated with 10% (wt ⁄ vol) trichloroacetic acid for 30
min at 4�C. The amount of [3H]thymidine incorporated was
measured with a liquid scintillation counter. The mean values
from triplicate wells for each treatment were determined.

RNA isolation and RT-PCR. After 1 week of maintaining the
stably transfected cell line for TGF-b1-siRNA expression with
differentiation medium (described above), total RNA was
isolated using Trizol reagent (Invitrogen, Carlsbad, CA, USA).
RT-PCR of myogenin, myosin, desmin, and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was performed with 2 lg
total RNA. RNA for RT-PCR was converted to cDNA with a
first-stand cDNA synthesis kit (Amersham Pharmacia Biotech-
nology, Piscataway, NJ, USA), according to the manufacturer’s
recommendations. The sequences of PCR primers that amplify
human but not mouse genes are listed in Table 2 (taken from
reference(21)). PCR was performed with Takara recombinant
Taq (Takara Shuzo, Kyoto, Japan) for 30 cycles, with each cycle
consisting of 94�C for 30 s, 62 or 65�C for 30 s, and 72�C for
20 s, with an additional 10-min incubation at 72�C after comple-
tion of the last cycle. The PCR products were electrophoresed
on 1.8% agarose gel and stained with ethidium bromide for
visualization.

Electron microscopy. After the stably transfected cell line was
maintained in differentiation medium for 6 days, the cells were
harvested, fixed with 3% glutaraldehyde and osmium tetroxide,
dehydrated, and embedded in Epon812. Thin sections were cut
at a thickness of 50 nm, stained with uranyl acetate and lead
citrate, and examined under an H-600IV electron microscope
(Hitachi, Tokyo, Japan).

Xenografts of RD cells in nude mice. The experimental proto-
col was approved by the China Institutional Ethics Review
Committee for Animal Experimentation. A total of 30 male
BALB ⁄ c nude mice (5–6 weeks old and 18 g in weight) were
purchased form SLAC Laboratory Animal (Shanghai, China).
(a) (b) (c)

Fig. 1. Immunodetection of transforming growth factor-b1 (TGF-b1
rhabdomyosarcomas. (a) TGF-b1 labeling of rhabdomyosarcoma. Origin
skeletal muscle cells. Original magnification, ·100. (c) Distribution of TGF
skeletal muscle tissue. Inset: there was higher expression of TGF-b1 in
Original magnification, ·100; inset, ·400. (d) TbRII was observed in the rha
magnification, ·100. (e) Smad4 was observed in rhabdomyosarcoma cells
Original magnification, ·100.

1110
The mice were divided into three groups of 10 mice each. All 30
mice were injected subcutaneously in the right flank with
100 lL RD cell suspension (1 · 107). Once tumors reached
approximately 0.5 cm3, animals in the treated group were
injected intratumorally with 200 lL TGF-b1-shRNA-pSUPER
and those in the control group with 200 lL pSUPER, once
weekly for 3 weeks. Tumor size was measured blindly twice
weekly with calipers, and tumor volume was calculated. One
week after the end of treatment, the tumors were harvested.
TGF-b1, Ki-67, and TUNEL staining were examined. Histologi-
cal differentiation was evaluated by observing changes in mor-
phology and expression of myogenic differentiation markers.

Apoptosis assay. To determine whether the change in prolif-
eration was a consequence of RD cell apoptosis, TUNEL stain-
ing was examined in vivo. The tissue sections were prepared as
described above. Briefly, the treated cells were permeabilized
with 0.1% Triton X-100 for FITC end-labeling of the frag-
mented DNA of the apoptotic RD cells, using a TUNEL cell
apoptosis detection kit (Beyotime, Shanghai, China). Primary
antibody diluted in PBS ⁄ BSA was incubated for 1 h at 37�C,
and then washed in PBS, followed by 30 min incubation with
FITC-conjugated antirabbit antibody. The slides were then
washed, air dried, mounted, and photographed under fluores-
cence microscopy as mentioned above.

Statistical analysis. All data were presented as mean and stan-
dard deviation. Analysis was carried out using SPSS 10.0 (Chi-
cago, IL, USA). Differences between the control samples and
TGF-b1 shRNA-treated samples were compared using a paired-
samples t-test, and P-values reported were two sided. P < 0.05
was considered statistically significant.

Results

Expression of TGF-b1, type II TGF-b receptor (TbRII), and Smad4
in RMS. Moderate and strong immunoreactivity for TGF-b1,
(d) (e)

) (a–c), TGF-b1 type II receptor (TbRII), (d) and Smad4 (e) in
al magnification, ·100. (b) Reduced expression of TGF-b1 in normal
-b1 protein is shown in rhabdomyosarcoma cells and adjacent normal
rhabdomyosarcoma tissue than that in normal skeletal muscle tissue.
bdomyosarcoma cells as well as normal skeletal muscle tissue. Original
and also found occasionally in adjacent normal skeletal muscle cells.

doi: 10.1111/j.1349-7006.2010.01512.x
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TbRII, and Smad4 were observed in 70.6% (48 ⁄ 68), 55.9%
(38 ⁄ 68), and 73.5% (50 ⁄ 68) of RMS samples (Fig. 1). TGF-b1
and Smad4 in the RMS was stained more intensely than that in
normal skeletal muscles (P < 0.01). However, no significant dif-
ference was found in TbRII expression between RMS and nor-
mal skeletal muscles (P > 0.05) (Table 3). In addition, there
was a significant relationship between TGF-b1 expression and
tumor differentiation and histological grade (P < 0.001). How-
ever, there was no significant difference in TGF-b1 expression
in RMS with relapse or metastasis (21 ⁄ 28, 75%) versus that
without relapse or metastasis (27 ⁄ 40, 67.5%) (P > 0.05). There
was no significant relationship between TbRII and Smad4
expression and histological grade (P > 0.05) (Table 4).

Suppression of TGF-b1 expression by RNAi. The transfection
efficiency of the recombinant pSUPER vector system that
contained TGF-b1 shRNA is shown in Figure 2. The pSUPER
vector system directs the synthesis of shRNA, which is pro-
cessed to form small-interfering RNA (siRNA), and persistently
suppresses gene expression in mammalian cells.(22) We used the
pSUPER vector system to express shRNA against TGF-b1.
Green fluorescence protein (GFP) was incorporated as a reporter
gene. Both pSUPER gfp-neo-control and pSUPER gfp-neo-
TGF-b1 shRNA were transfected into RD cells. Twenty-four
hours after transfection, the expression of GFP in cells was
checked by fluorescence microscopy, and no difference
was found between these two groups (Fig. 2a). Western blotting
was performed to verify suppression of TGF-b1 in RD cells. As
shown in Figure 2(b), TGF-b1 protein expression was detected
after treatment of control pSUPER vector (lane 1). Conversely,
TGF-b1 protein expression was virtually eliminated from RD
cells that were stably transfected, as indicated in lane 2
(*P < 0.05). To explore whether active TGF-b1 proteins were
secreted into the medium, ELISA was used to determine TGF-
b1 proteins in the culture medium. As showed in Figure 2(c),
there was a significant decrease in the level of TGF-b1 proteins
in the shRNA-treated groups (*P < 0.05).

Changes in TGF-b1-shRNA-induced RD growth arrest. To
investigate the effect of TGF-b1 shRNA on the growth of RD
cells in vitro, MTT and [3H]thymidine incorporation assays
Table 3. Summary of IHC mean intensity scores for TGF-b1, TbRII, and Sm

TGF-b1
P-value

TbR

Low (0–4) High (6–9) Low (0–4)

RMS 20 (29.4) 48 (70.6) <0.001* 30 (41.1)

Normal 15 (68.2) 7 (31.8) 12 (54.5)

*P-value is significant. IHC, immunohistochemistry; RMS, rhabdomyosarcom
receptor.

Table 4. Relationship between the expression of TGF-b1, TbRII, Smad4 pr

TGF-b1
P-values

Tb

Low (0–4) High (6–9) Low (0–4)

Histological grade

I (n = 25) 15 (60) 10 (40) <0.001* 11 (46)

II (n = 22) 4 (18.2) 18 (81.8) 10 (45.5)

III (n = 21) 1 (4.8) 20 (95.2) 9 (42.9)

Relapse or metastasis of RMS

With 28 7 (25) 21 (75) >0.05 12 (42.9)

Without 40 13 (32.5) 27 (67.5) 18 (45)

*P-value is significant. IHC, immunohistochemistry; RMS, rhabdomyosarcom
receptor.
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were used. As shown in Figure 3(a), the proliferation rate of RD
cells stably expressing TGF-b1 shRNA was reduced, as demon-
strated by a time-dependent decrease in OD. Similar results
were found for [3H]thymidine incorporation (Fig. 3b). Signifi-
cant differences in viability were observed after 4 (P < 0.05)
and 6 (P < 0.01) days.

To explore the effect of TGF-b1 shRNA on cell growth
in vivo, tumorigenicity was quantified. All nude mice developed
detectable tumors after tumor cell inoculation. On day 14 after
intratumoral injection of TGF-b1-shRNA-pSUPER, tumors
were dissected and weighed (mean ± SD, n = 10). There was a
significant difference between group I (RD ⁄ TGF-b1shRNA-con-
trol) and group II (RD ⁄ TGF-b1shRNA) (P < 0.05) (Fig. 3d,
asterisk). These findings suggested that TGF-b1 shRNA inhib-
ited proliferation of RD cells, which was further confirmed by
Ki-67 expression (Fig. 3e,f). Immunohistochemistry demon-
strated that TGF-b1 shRNA induced RD growth arrest.

To determine whether growth arrest was a consequence of
RD cell apoptosis, caspase-3 (in vitro) and TUNEL (in vivo)
were examined. As shown in Figure 3(c,f), the number of cas-
pase-3-positive cells increased significantly after 4 days of
TGF-b1 shRNA treatment but not in the control cells
(P < 0.05). Immunohistochemical staining with TUNEL in sub-
cutaneous RMS tissue showed that TGF-b1 shRNA induced an
increase in the percentage of TUNEL-positive cells (P < 0.05).
These results indicated that knockdown of TGF-b1 in RD cells
arrested their growth by inducing apoptosis.

Effects of TGF-b1 shRNA on RD cell differentiation. To exam-
ine the role of pSUPER-TGF-b1 shRNA on differentiation of
RD cells, RT-PCR and immunohistochemistry were used to
explore the expression of myogenin, myosin, and desmin. As
shown in Figure 4(a), there was a significant difference
(P < 0.01) in the ratio of myogenin mRNA ⁄ GAPDH between
the treated (87%) and the control (33%) groups, but there was
no significant difference in expression of myosin or desmin
mRNA ⁄ GAPDH. In a parallel experiment, we investigated the
effects of pSUPER-TGF-b1 shRNA on RD cell morphology. A
proportion of RD cells changed to a round shape from the nor-
mal fusiform or polygonal shape, although no cell detachment
ad4 protein in RMS and normal tissue

II
P-value

Smad4
P-value

High (6–9) Low (0–4) High (6–9)

38 (55.9) >0.05 18 (26.5) 50 (73.5) <0.001*

10 (45.5) 14 (63.6) 8 (36.4)

a; TGF-b1, transforming growth factor-b1; TbRII, type II TGF-b

otein, and clinicopathologic parameters

RII
P-values

Smad4
P-values

High (6–9) Low (0–4) High (6–9)

14 (56) >0.05 7 (38) 18 (72) >0.05

12 (54.5) 6 (27.3) 16 (72.7)

12 (57.1) 5 (23.8) 16 (76.2)

16 (57.1) >0.05 6 (21.4) 22 (78.6) >0.05

22 (55) 12 (30) 28 (70)

a; TGF-b1, transforming growth factor-b1; TbRII, type II TGF-b
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Fig. 2. Transfection of recombinant pSUPER vector system. (a) Fluorescence microscope images of RD cells 24 h after transfection with pSUPER
gfp-neo or pSUPER gfp-neo- TGF-b1shRNA. Left row, green filter signals; middle row, DAPI staining for nuclei; and right row, merged. (b)
Expression of transforming growth factor-b1 (TGF-b1) protein was explored with western blot analysis. After 6 days, cells that were transfected
with control pSUPER vector expressed TGF-b1 protein (lane 1), whereas, cells that were stably transfected showed down-regulation of TGF-b1
expression (lane 2). (*P < 0.05). (c) ELISA was used to examine TGF-b1 protein in the culture medium. A decrease in TGF-b1 protein was observed
in the shRNA-treated groups (*P < 0.05).
was observed, even after 2 weeks of treatment. This suggested
growth arrest, which was further confirmed by the up-regulation
of myofilaments (Fig. 4b). Immunohistochemical staining for
myogenin, myosin, and desmin in subcutaneous RMS tissue
showed that TGF-b1 shRNA induced an increase in staining for
myogenin (P < 0.01) and myosin (P < 0.05) (Fig. 4c,d).

Discussion

Our previous studies have demonstrated that RD cells overex-
press TGF-b1 and its receptors and downstream molecules,
which was confirmed by the present study of RMS tumor tissue
(Table 3). This is contrary to other studies, in which only 5% of
colon carcinomas showed expression of TbRII and loss of
nuclear expression of Smad4 in tumors with lymph node metas-
tasis,(23) suggesting that the loss of function in the TGF-
b1 ⁄ Smad signaling pathway contributes to the development of
carcinoma.(1,3) The present results suggest that the intact TGF-
b1 ⁄ Smad pathway in RMS cells performs a different biological
function from that in other neoplasms, such as colon cancer, that
originate from epithelia cells. Moreover, a significant relation-
ship was found between TGF-b1 expression and tumor histolog-
ical grade, according to differentiation,(15) and this may provide
research opportunities for novel interventions of inducing differ-
entiation in patients with RMS.

Previous studies have demonstrated that high levels of exoge-
nous TGF-b1 inhibit growth of RD cells in vitro.(24) However,
under physiological conditions, the autocrine function of TGF-
b1 may not be concentration dependent. Another of our previous
studies has shown that low levels of exogenous TGF-b1 can pro-
mote RD cell growth and antagonize the differentiation-inducing
effect of 9-cis retinoic acid (9CRA).(25) Since these previous
1112
studies involved exogenous addition of different concentrations
of TGF-b1, which may not reflect normal physiological condi-
tions, whether or not endogenous TGF-b1 has a regulatory effect
on RD cell growth and differentiation needs confirmation.

Currently, a significant research effort is being focused on the
development of therapeutic approaches against cancer by target-
ing the TGF-b1 pathway.(26) Brain tumors are currently the
major targets of anti-TGF-b therapy that utilizes antisense DNA
or RNAi technology.(27,28) In the present study, we chose the
pSUPER vector system, and the TGF-b1-specific parts of the
sequence as the optimal site for TGF-b1 gene silencing, as
described previously.(19) As shown in Figure 2, delivery of
shRNA produces efficient TGF-b1 knockdown in RMS cells
and may be a method of choice for shRNA delivery for gene
function studies.

Treatment with TGF-b1 shRNA induced growth arrest of RD
cells, as shown by MTT assay after 4 days, and confirmed by
[3H]thymidine incorporation assay. To determine whether this
phenomenon was a consequence of growth inhibition or cell
apoptosis, expression of caspase-3, and TUNEL and Ki-67
assays were used. The results showed that TGF-b1 acted as a
cell viability factor in RD cells via inhibition of apoptotic cell
death. To study the tumorigenicity of TGF-b1, we and others
have inhibited TGF-b1 expression with antisense technology,
and have evaluated the consequences for tumor cell growth
in vitro and tumor formation in vivo.(29,30) Consequent altera-
tions in tumor growth have suggested that TGF-b1 functions as
a growth regulator in a positive or negative way, depending on
the study and model system used. In the present study, the
significance of the biological effects of RD ⁄ TGF-b1 shRNA
was corroborated by the observation of a reduction of tumorige-
nicity in vivo (Fig. 3). Thus, overexpression of TGF-b1 in RD
doi: 10.1111/j.1349-7006.2010.01512.x
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Fig. 3. The effect of transforming growth factor-b1 (TGF-b1) shRNA on growth of cells. Cells were seeded and treated with or without TGF-b1
shRNA. Cell growth was quantified by MTT assay (a), [3H]thymidine incorporation assay (b), and number of caspase-3-positive cells (c) in vitro
with the transient transfection system, and measurement of tumor volume (d), TGF-b1, TUNEL, and Ki-67 expression in vivo (e,f) with
intratumoral injection of TGF-b1-shRNA-pSUPER. Proliferation of rhabdomyosarcoma (RD) cells treated with TGF-b1 shRNA was reduced. To
determine whether the change of viability was a consequence of RD cells apoptosis, TUNEL and caspase-3 was explored using
immunofluorescence staining (c,e,f), and showed that injection of TGF-b1 shRNA actually inhibited the expression of TGF-b1 and induced RD cell
apoptosis. Each experiment was performed three times. Photographs of TGF-b1 (·400), TUNEL (·400), and Ki-67 (·400).
cells conveyed an advantage presumably related to increased
cell–matrix interactions and adhesiveness, and to a paracrine
effect of TGF-b1 on the surrounding tissue that led to a more
hospitable environment.
Wang et al.
It is well known that the biological behavior of a tumor
is related to the degree of differentiation of its cells, such that,
usually the lower the degree of differentiation, the greater the
aggressiveness expected from the tumor. Therefore, the present
Cancer Sci | May 2010 | vol. 101 | no. 5 | 1113
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Fig. 4. Myogenic differentiation induced by transforming growth factor-b1 (TGF-b1) shRNA treatment in rhabdomyosarcoma (RD) cells. RT-PCR
(a) and electron microscopy (b) were used to explore differentiation markers in RD cells with stable transfection system. Immunohistochemistry
analysis (c,d, method in vivo) were used to explore differentiation markers in RD cells with intratumoral injection of TGF-b1-shRNA-pSUPER.
There was a significant difference (P < 0.01) in the ratio of myogenin mRNA ⁄ GAPDH between the treated and control groups. More
myofilaments were observed in RD cells treated with the stable transfection system than in the control group (b, increased myofilament marked
with *; electron microscopy (EM), ·5000). Subcutaneous rhabdomyosarcoma (RMS) tissue showed that injection of TGF-b1-shRNA-pSUPER actually
induced an increase in immunohistochemical staining for myogenin (P < 0.01) and myosin (P < 0.05) (c,d, ·400).
study investigated the effect of TGF-b1 shRNA on RD cells to
explore the combination of differentiation-inducing treatment
and surgery for preventing the development of the primary
tumor and potential metastases. RD cells retain the rhabdomyo-
blast phenotype and undergo very limited myogenic differentia-
tion, even though they express muscle regulatory factors
(MRFs) MyoD and myogenin.(31) Our previous study has dem-
onstrated that low concentrations of TGF-b1 can antagonize the
differentiation-inducing effect of 9CRA.(25) Another study has
also shown that TGF-b1 negatively regulates myogenic differen-
tiation of muscle and RMS cells,(11) but little is known about the
molecular mechanisms involved.

The MyoD family of myogenic regulators includes MyoD,
myogenin, myf5, and MRF4 ⁄ herulin ⁄ myf6, each of which can
1114
activate myogenesis when expressed in a variety of non-muscle
cell types.(32) However, they show only limited expression of
genes associated with terminal differentiation in RMS cells.(33)

Among the myogenic regulators, myogenin is the most sensitive
to repression by growth factor signals. This is in contrast to
myf5 and MyoD, which are expressed in proliferating myoblasts
prior to differentiation, and myogenin is not unregulated until
cell proliferation has ceased.(34) In the present study, TGF-b1
shRNA induced expression of myogenin, which was increased
at the mRNA and protein level, and induced myogenic differen-
tiation, which was characterized by a marked increase in myosin
expression. This led us to explore the possibility that changes in
the amount and ⁄ or activity of myogenic regulators can deter-
mine RMS cell differentiation. These results suggest strongly
doi: 10.1111/j.1349-7006.2010.01512.x
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that the TGF-b1 differentiation inhibitory effect depends on the
level of muscle-specific gene activation in RMS. Myogenin,
which functions within the regulatory pathway that leads to
myogenesis, appears to serve as a target for negative regulation
of myogenesis by TGF-b1 signals that control all downstream
events within a differentiation regulatory cascade.

Some studies have demonstrated different mechanisms of dif-
ferentiation in RMS. It has been shown that treatment of RD
cells with the phorbol ester 12-O-tetradecanoylphorbol-13-ace-
tate (TPA) inhibits the activation of secreted latent TGF-b1, and
induces growth arrest and myogenic differentiation in these
cells.(11,35) Alterations in certain signaling pathways, for exam-
ple IGFs and myostatin, exert similar differentiation effects on
RMS cells.(36,37) Recent studies have shown that one intracellu-
lar signaling pathway activated during the differentiation of
myogenic cell lines is p38 mitogen-activated protein kinase
(MAPK), which has been shown to be necessary for the expres-
sion of several muscle structural genes.(38,39) Theses findings
highlight the complexity of tumorigenicity in RMS. Our previ-
ous studies have shown that signaling of TGF-b1 from the cell
surface to the nucleus can be directed through the MAPK (ERK)
as well as the TGF-b1 ⁄ Smad signaling pathway,(40) and that
RNAi-mediated Smad4 gene silencing induces growth inhibition
Wang et al.
of RD cells.(13) Therefore, we can surmise that the differentia-
tion inhibitory effect of TGF-b1 in RMS cells is related to mod-
ulation of the cellular response by the MAPK pathway.

In conclusion, we have shown that inhibition of TGF-b1
expression by shRNA-expressing vectors can reverse success-
fully the malignant behavior of RMS RD cells, by inhibiting
growth and inducing differentiation. This suggests that RMS
cells, which are derived from myogenic progenitors, are com-
mitted to a myogenic fate, but their differentiation is arrested by
autocrine TGF-b1. This implies that TGF-b1 is a novel target
for drugs that affect differentiation of RMS.
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