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Abstract 

Background: Rhabdomyosarcoma (RMS) is the most common pediatric soft tissue sarcoma. There are two sub-
types, fusion gene-positive RMS (FP-RMS) and fusion gene-negative RMS (FN-RMS), depending on the presence of a 
fusion gene, either PAX3-FOXO1 or PAX7-FOXO1. These fusion genes are thought to be oncogenic drivers of FP-RMS. 
By contrast, the underlying mechanism of FN-RMS has not been thoroughly investigated. It has recently been shown 
that HMGA2 is specifically positive in pathological tissue from FN-RMS, but the role of HMGA2 in FN-RMS remains to 
be clarified.

Methods: In this study, we used FN-RMS cell lines to investigate the function of HMGA2. Gene expression, cell 
growth, cell cycle, myogenic differentiation, tumor formation in vivo, and cell viability under drug treatment were 
assessed.

Results: We found that HMGA2 was highly expressed in FN-RMS cells compared with FP-RMS cells and that knock-
down of HMGA2 in FN-RMS cells inhibited cell growth and induced G1 phase accumulation in the cell cycle and myo-
genic differentiation. Additionally, we showed using both gain-of-function and loss-of-function assays that HMGA2 
was required for tumor formation in vivo. Consistent with these findings, the HMGA2 inhibitor netropsin inhibited the 
cell growth of FN-RMS.

Conclusions: Our results suggest that HMGA2 has important role in the oncogenicity of FP-RMS and may be a 
potential therapeutic target in patients with FN-RMS.

Keywords: HMGA2, Fusion-negative rhabdomyosarcoma, Netropsin

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creat iveco mmons .org/publi cdoma in/
zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Rhabdomyosarcoma (RMS) is the most frequent soft tis-
sue sarcoma in children [1]. Two major histological sub-
types are described, conventionally named embryonal 
RMS (ERMS) and alveolar RMS (ARMS), reflecting their 
morphological similarities to fetal muscle or pulmonary 
alveoli, respectively [2]. In the era of molecular profil-
ing, two fusion genes have been identified in RMS: the 

PAX3–FOXO1 gene fusion [3] and the PAX7–FOXO1 
gene [4]. These gene fusions are found in about 70% to 
80% of histologically defined ARMS and are not found in 
ERMS [5, 6]. Several studies of ARMS have shown that 
PAX–FOXO1 fusion gene-positive status is associated 
with worse prognosis than fusion gene-negative status 
[7, 8]. Furthermore, patients with fusion gene-negative 
ARMS have clinical outcomes as favorable as those of 
ERMS patients compared with fusion gene-positive 
ARMS, in accordance with the similarity in the molecular 
features between fusion gene-negative ARMS and ERMS 
[8]. Hence, identification of this fusion status, regardless 
of histological subtype, is being incorporated into future 
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Children’s Oncology Group (COG) Soft Tissue Sarcoma 
protocols [9].

Several studies recently revealed that the HMGA2 
expression level is significantly higher in fusion gene-
negative RMS (FN-RMS) than in fusion gene-positive 
RMS (FP-RMS) and that strong immunohistochemical 
expression of HMGA2 protein is specific to FN-RMS, 
suggesting that HMGA2 is a surrogate marker of fusion 
status in RMS [2, 9]. HMGA2 is a member of the high 
mobility group A (HMGA) family [10, 11]. The HMGA 
family protein, which contains three short basic repeats, 
so-called AT-hooks, binds the minor groove of AT-rich 
DNA sequences via their DNA-binding domain, which 
is located in the amino-terminal region of the protein 
[11]. HMGA protein itself does not have transcriptional 
activity. It acts as a transcriptional modulator by chang-
ing the affinity of transcriptional factors for target DNA 
sequences and altering chromatin structure, thereby reg-
ulating the transcriptional activity of other genes [12, 13]. 
However, limited information is available regarding the 
function of HMGA2 in FN-RMS.

Netropsin is a small-molecule protein that binds to the 
minor grooves of AT-rich DNA through a sequence- and 
conformation-dependent mechanism. Because the bind-
ing mechanism is similar to that of HMGA family pro-
tein, netropsin has been reported to compete with the 
HMGA family proteins HMGA1 and HMGA2 for DNA 
binding [14, 15].

The aim of this study was to investigate the role of 
HMGA2 in FN-RMS cells and the antitumor efficacy 
of netropsin in FN-RMS. We examined the effect of 
HMGA2 suppression on FN-RMS cells. A reduction in 
HMGA2 expression led to cell growth inhibition, cell 
cycle arrest, and myogenic differentiation. Furthermore, 
we showed that netropsin inhibited the cell growth of 
FN-RMS cells. These results indicate that HMGA2 repre-
sents a new candidate for the treatment of FN-RMS.

Materials and methods
Cell culture
FN-RMS cell lines (RD, RMS-YM, and Rh18), FP-RMS 
cell lines (Rh30 and RM2), mouse myoblast C2C12 
cells, and human embryonic kidney HEK293 cells were 
cultured in high-glucose Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% FBS, peni-
cillin (100 U/ml), and streptomycin (10 mg/ml) at 37 °C 
in a humidified atmosphere containing 5%  CO2. RD, 
Rh-18, Rh30 and RM2 cell lines were kind gifts from 
Dr. Peter Houghton (The Research Institute at Nation-
wide Children’s Hospital, Columbus, OH). The RMS-
YM and HEK293 cell lines were obtained from RIKEN 
BioResource Center (Tsukuba, Japan). Mouse myoblast 
C2C12 cells and human embryonic kidney HEK293 were 

purchased from the American Type Culture Collection 
(Manassas, VA).

Quantitative reverse transcription‑polymerase chain 
reaction
Total RNA was extracted from tumor cells using the 
RNeasy Mini-Kit (Qiagen, Venlo, the Netherlands). 
cDNA was synthesized using the SuperScript VILO 
cDNA Synthesis Kit (Invitrogen, Basel, Switzerland). 
Real-time reverse transcription-polymerase chain reac-
tion (RT-PCR) was carried out on a 7500 Fast Real-Time 
PCR system (Applied Biosystems, Rotkreuz, Switzerland) 
with SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan), 
and relative quantitation was performed using the  2−
ΔΔCt method with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as the reference gene. The following 
primer sequences were used: HMGA2, forward primer: 
5′-CCT GCT CAG GAG GAA ACT GA-3′, reverse primer: 
5′-CCT CTT CGGC AGA CTC TTGT-3′; GAPDH, for-
ward primer: 5′-GCA CCG TCAA GGC TGA GAAC-3, 
reverse primer: 5′-ATG GTG GTGA AGA CGC CAGT-3′. 
Each quantitative RT-PCR experiment was performed in 
triplicate, and the quantitative RT-PCR experiments were 
repeated two or three times.

siRNA knockdown of HMGA2
Transient transfection assays were performed using 
commercially available siRNAs specific for inhibi-
tion of HMGA2 (s15616 and s194863; Life Technolo-
gies, Carlsbad, CA, USA) along with a negative control 
siRNA (4390843; Life Technologies) with Lipofectamine 
RNAiMAX (Life Technologies) according to the manu-
facturer’s instructions.

Western blotting
Cells were lysed with Laemmli sample buffer. Protein 
concentrations in the cell lysates were measured with 
the Bio-Rad DC Protein Assay (Bio-Rad Laboratories, 
Hercules, CA, USA). Samples were boiled for 5 min 
in sample buffer containing bromophenol blue and 
1 × β-ME, and equal amounts of protein were separated 
by sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis (SDS-PAGE). Electrophoretic separation was 
carried out on 10% polyacrylamide gel (Bio-Rad Labora-
tories), and the proteins were subsequently transferred 
to Immobilon-P membrane (Millipore, Billerica, MA, 
USA). Membranes were blocked in phosphate-buffered 
saline (PBS) with Tween 20 (PBST) with 5% nonfat dry 
milk powder and incubated with the following primary 
antibodies: HMGA2 (1:250 dilution; sc-30223, Santa 
Cruz, Dallas, TX, USA) or FLAG (1:1000 dilution; F3040, 
Sigma-Aldrich, St. Louis, MO, USA). The primary and 
secondary antibodies for HMGA2 were diluted with Can 
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Get Signal (Toyobo, Osaka, Japan). The membranes were 
then washed with PBST and incubated with horserad-
ish peroxidase-conjugated goat anti-mouse or anti-rab-
bit secondary antibody (GE Healthcare, Little Chalfont, 
UK). Antibody binding was detected with the enhanced 
chemiluminescence detection system (ECL and ECL 
Plus; GE Healthcare).

Cell growth analysis
Cells were plated in normal growth medium in triplicate 
in 24-well plates. After 24 h, cells were transfected with 
HMGA2 siRNA or negative control siRNA for an addi-
tional 24  h. Then, the cells were lysed under hypotonic 
conditions, as described previously [16], and nuclei were 
counted every 48 h with a Coulter counter (ERMA Inc., 
Jacksonville, FL, USA) until 96 h later (day 6). All experi-
ments were conducted in triplicate for each cell line.

Cell cycle analysis
Cells were seeded in normal growth medium in triplicate 
in 12-well plates. After 24 h, cells were transfected with 
HMGA2 siRNA or negative control siRNA for an addi-
tional 24 h. After transfection, RD, RMS-YM, and Rh18 
cells were incubated in normal growth medium for 48 h, 
24  h, and 24  h, respectively. Then, cells were harvested 
and stained with propidium iodide (PI). PI fluorescence 
was read on a FACSCalibur (BD Biosciences, Franklin 
Lakes, NJ, USA), and the data were analyzed with Cell 
Quest software (BD Biosciences). The cell cycle phase 
was determined on the basis of DNA content using Mod-
Fit LT Software (Verity Software House, Topsham, ME, 
USA) as described previously [17].

Induction of myogenic differentiation
To induce myogenic differentiation, cells were rinsed 
thoroughly with PBS 24  h after siRNA transfection and 
then cultured with DMEM containing 2% horse serum 
(Thermo Fisher Scientific, Waltham, MA, USA), peni-
cillin (100 U/ml), and streptomycin (10  mg/ml). Three 
days later, cells were observed with a BZ-8000 confocal 
microscope (Keyence, Osaka, Japan) to assess morpho-
logical changes. For immunofluorescence, cells on cov-
erslips were fixed with absolute methanol, washed, and 
incubated with anti-myosin heavy chain (MHC) antibody 
(M4276, Sigma-Aldrich) for 1  h, rinsed with PBS, incu-
bated with fluorescein isothiocyanate-conjugated anti-
mouse IgG (A-11001, Invitrogen) for 1 h, and visualized 
using a fluorescence microscope as described previously 
[18].

Lentiviral procedures and short hairpin RNA
PLKO.1 lentiviral shRNAmir constructs were obtained 
from Thermo Fisher Scientific (Waltham, MA, USA; 

HMGA2 shRNA, RHS4533; negative control shRNA, 
RHS 4080). The constructs were co-transfected with the 
packaging construct (psPAX2) and the VSV-G envelope 
expression plasmid (pMD2.G), both purchased from 
Addgene (Cambridge, MA, USA), into 293FT cells using 
FuGENE 6 (Promega, Madison, WI, USA). For infection, 
cells were incubated with lentiviral particles and 4  µg/
ml polybrene (Nacalai Tesque, Kyoto, Japan), and then 
selected with puromycin.

Retroviral procedures
C2C12 cell lines stably expressing Flag-tagged HMGA2 
were established using a murine stem cell virus (MSCV) 
retrovirus expression system (Clontech Laboratories Inc., 
Madison, WI, USA). Platinum-E cells were transfected in 
60-mm dishes at about 50% confluence with 1 mg of puri-
fied expression vector DNA, 8 µl of Enhancer, and 7.5 µl 
of Effectene (Qiagen, Hombrechtikon, Switzerland) in 
1 ml of high-glucose DMEM. For retroviral transduction, 
C2C12 cells were incubated with retroviral particles and 
4  µg/ml polybrene (Nacalai Tesque). Stably transfected 
cells were selected with 1000 mg/ml of G418 sulfate (Life 
Technologies).

In vivo tumorigenesis
To assess tumorigenesis, 2 × 106 of FN-RMS or C2C12 
cells were subcutaneously inoculated into the back of 
4-week-old athymic nude mice (BALB/c nu/nu; Shimizu 
Laboratory Supplies, Kyoto, Japan). Tumor diameter was 
monitored every 2 or 3  days after the onset of tumor 
formation. The mice were killed when the tumor size 
reached 17 mm in diameter. The mice used for this study 
were handled in strict adherence with local governmen-
tal and institutional animal care regulations. All studies 
involving mice were performed using protocols approved 
by the Animal Investigation Committee of Kyoto Prefec-
tural University of Medicine.

Cell viability assay
WST-8 colorimetric assays were carried out using Cell 
Count Reagent SF (Nacalai Tesque). RD, RMS-YM, and 
Rh18 cells were seeded in 96-well plates at 1 × 104 cells/
well, 10 × 104 cells/well, and 8 × 104 cells/well, respec-
tively, in 100 µl culture medium per well. After 24 h, the 
cells were treated for an additional 96  h with netropsin 
(Enzo Life Sciences, Farmingdale, NY, USA) dissolved 
in  H2O. Cell viability was determined colorimetrically 
by the optical density at a wavelength of 450 nm using a 
microplate reader (Multiscan JX; Dainippon Sumitomo 
Pharmaceutical, Osaka, Japan) as previously described 
[19].
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Statistical analysis
Data are shown as the mean ± SEM. Single-group data 
were assessed using the Student’s t test. The Tukey–
Kramer test was performed for multiple comparisons. 
P-values less than 0.05 were considered to represent sta-
tistically significant differences.

Results
Overexpression of HMGA2 in FN‑RMS cell lines
First, we checked the expression of HMGA2 in the FN-
RMS cell line. As expected, HMGA2 mRNA was highly 
expressed in FN-RMS cell lines compared with FP-RMS 
cell lines (Fig. 1).

siRNA knockdown of HMGA2 inhibits FN‑RMS cell growth
We next examined the biological function of HMGA2 
in FN-RMS cells by using the siRNA knockdown 
approach. The knockdown specifically reduced 
HMGA2 mRNA and protein expression in RD, RMS-
YM, and Rh18 RMS cells (Fig.  2a). Knockdown of 
HMGA2 induced cell growth inhibition in these cells, 

whereas control siRNA did not affect cell growth 
(Fig. 2b).

siRNA‑mediated HMGA2 reduction results in G1 phase 
accumulation
To examine the effect of the HMGA2 reduction on the 
cell cycle, FACS analysis was performed. As shown in 
Fig.  2c, HMGA2 siRNA-treated cells exhibited a sig-
nificantly higher proportion of cells in G1 (siRNA #1: 
58.4 ± 0.8%, 58.6 ± 4.9%, and 65.5 ± 2.8%; siRNA #2: 
52.1 ± 2.6%, 54.1 ± 1.0%, and 61.3 ± 2.9%, respectively) 
compared with control cells (45.2 ± 0.5%, 47.0 ± 2.0%, 
and 46.7 ± 2.3%, respectively) in RD, RMS-YM, and Rh18 
cells. The G1 ratio was statistically higher in all cell lines 
compared with control (P < 0.01). These data suggest that 
HMGA2 reduction leads to cell cycle arrest in G1.

siRNA knockdown of HMGA2 induces myogenic 
differentiation of FN‑RMS cells
After siRNA transfection, RD cells were cultured for 
72 h in differentiation medium. HMGA2 reduction mor-
phologically promoted myotube differentiation (Fig. 3a). 
Cells were then stained with the antibody for the MHC, 
a marker of myogenic differentiation (Fig. 3b). The MHC 
positivity rates of HMGA2-reduced cells and control cells 
were 12.9 ± 2.6% and 2.2 ± 0.8%, respectively (P < 0.01; 
Fig.  3c). These data show that HMGA2 inhibits muscle 
differentiation.

HMGA2 knockdown inhibits tumor growth of FN‑RMS cells 
in vivo
To assess the effect of loss of function of HMGA2, we 
established RMS-YM cell lines in which HMGA2 was 
stably knocked down using lentiviral vectors encod-
ing HMGA2 shRNA. Western blot experiments con-
firmed that transduced cells expressed lower levels of 
HMGA2 protein than non-transduced cells (Fig.  4a). 
These cells were transplanted subcutaneously into nude 
mice. Nine weeks after injection, the tumor volume 
was 80.7 ± 89.9  mm3 for HMGA2-expressing cells but 
396.3 ± 359.4 mm3 for control cells (P = 0.12; Fig. 4b).

Fig. 1 HMGA2 expression in FN-RMS and FP-RMS cells. FN-RMS cells 
(RD, RMS-YM, and Rh18) and FP-RMS cells (Rh30 and RM2) were 
harvested and total RNA was extracted. The mRNA level for HMGA2 
was measured by quantitative RT-PCR and normalized against 
the level of GAPDH mRNA. Columns, mean of two independent 
experiments; bars, SD

Fig. 2 Effect of HMGA2 siRNA knockdown on FN-RMS cell growth. a RD, RMS-YM, and Rh18 cells were transfected with HMGA2 siRNA or 
negative control siRNA. Expression of HMGA2 was measured by quantitative RT-PCR and immunoblotting. Columns, mean of three independent 
experiments; bars, SD. * indicates statistical significance (P < 0.01; Student’s t-test). b Cell growth assay. RD, RMS-YM, and Rh18 cells were seeded 
in 24-well plates, cultured for 24 h, and then incubated with HMGA2 siRNA or negative control siRNA (day 0). Cells were harvested every 48 h, and 
nuclei were counted. Points, mean of three independent experiments; bars, SD. * indicates statistical significance (P < 0.01; Student’s t-test). c Cell 
cycle analysis was carried out by using siRNA-treated FN-RMS cells. RD, RMS-YM, and Rh18 cells were harvested and stained with propidium iodide 
and then analyzed for DNA content with FACSCalibur after siRNA transfection for 48 h, 24 h, and 24 h, respectively. Results represent the mean ± SD 
of three independent experiments (P < 0.01; Student’s t-test)

(See figure on next page.)
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Ectopic HMGA2 expression promotes tumorigenesis 
of C2C12 in vivo
We established Flag-tagged HMGA2-expressing C2C12 
cells using MSCV retroviral systems; induction of 

Flag-tagged HMGA2 protein expression in the trans-
fected C2C12 is shown in Fig.  5a. These cells were har-
vested and transplanted into nude mice to allow tumor 
formation. Seven weeks after transplantation, the average 
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tumor volume was 970.2 ± 476.9 mm3 for HMGA2-over-
expressing C2C12 cells but 27.2 ± 28.4  mm3 for control 
C2C12 cells (P < 0.01; Fig. 5b).

Netropsin inhibits growth of FN‑RMS cells
Given that HMGA2 depletion resulted in cell growth 
(Fig.  2b), we hypothesized that netropsin could inhibit 
FN-RMS cells by competing with the HMGA2–DNA 

Fig. 3 Derivation of myogenic differentiation by HMGA2 siRNA knockdown. a Representative light microscopy images of HMGA2-depleted RD 
cells and control RD cells after 72 h in differentiation medium. Scale bar, 100 mm. Some HMGA2-depleted RD cells formed myotubes. b Fluorescent 
images of MHC staining after 72 h in differentiation medium. Scale bar, 50 mm. Representative images of HMGA2-depleted RD cells showing MHC 
and DAPI (for nuclei), whereas control RD cells showed few MHC-positive cells. c Numbers of MHC-positive cells per 5.0 × 103 cells. Results represent 
the mean ± SD of three independent experiments. *P < 0.01 compared with control RD cells

Fig. 4 Effects of HMGA2 knockdown on tumor growth in a murine xenograft model. a Expression of HMGA2 as measured by immunoblotting. b 
The upper figure shows the tumor volume 9 weeks after injection of RMS-YM cells into the back of nude mice (n = 6). Data are shown by a box plot. 
The lower images are representative photos of mice
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minor groove interaction [14]. When FN-RMS cells were 
treated with netropsin at concentrations of 10–500 µM, 
the proliferation was inhibited in a dose-dependent man-
ner. In this assay system, the  IC50 values were 147.9 ± 2.2, 
157.9 ± 26.2, and 87.1 ± 4.4  µM in RD, RMS-YM, and 
Rh18 cells, respectively (Fig. 6).

Discussion
The purpose of this study was to investigate the onco-
genic role of HMGA2 in FN-RMS cells and the antitu-
mor effect of netropsin on FN-RMS. Indeed, not only 
did HMGA2 suppression repress tumor genesis, but 
ectopic HMGA2 expression promoted tumorigenesis in 
our in vivo model. Administration of netropsin inhibited 
tumor cell growth.

Fig. 5 Effects of HMGA2 on the proliferation of C2C12 cells in a murine xenograft model. a Expression of FLAG as measured by immunoblotting. 
b The upper figure shows the tumor volume 7 weeks after injection of C2C12 into the back of nude mice (n = 9). Data are shown by a box plot. 
*P < 0.01 compared with control C2C12 cells. The lower images are representative photos of mice

Fig. 6 Cytotoxic effects of netropsin. RD, RMS-YM, and Rh18 cells were seeded in 96-well plates, incubated for 24 h, treated with netropsin (10–
500 µM), and then analyzed. The  IC50 values of netropsin for RD, RMS-YM, and Rh18 cells were 47.9 ± 2.2, 157.9 ± 26.2, and 87.1 ± 4.4 µM, respectively
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Various insights have been provided into FP-RMS [20] 
and PAX3-FOXO1 is thought to be responsible for their 
malignant phenotypes [21]. In contrast, the underlying 
oncogenic factor of FN-RMS has not been fully eluci-
dated [22]. Given that HMGA2 is highly expressed specif-
ically in FN-RMS [2], we investigated whether HMGA2 
plays an oncogenic role in FN-RMS. HMGA2 is widely 
expressed during embryogenesis [23, 24] but is not 
observed in adult human tissues [24]. Low expression of 
HMGA2 has been reported in only undifferentiated cells, 
such as human CD34-positive hematopoietic stem cells 
[25], mouse preadipocyte cells [26], or meiotic and post-
meiotic cells [27, 28]. A high expression of HMGA2 has 
been observed in pancreatic carcinomas [29], non-small 
cell lung carcinomas [30], and squamous carcinomas of 
the oral cavity [31]. Moreover, HMGA2 expression is 
associated with a more malignant phenotype and a poor 
prognosis in squamous carcinomas of the oral cavity 
[31], nasopharyngeal carcinomas [32], glioblastoma [33], 
esophageal squamous carcinoma [34], lung cancer [35], 
and atypical teratoid/rhabdoid tumor [36]. We demon-
strated that HMGA2 reduction inhibited FN-RMS tumor 
growth in vivo (Fig. 4) and that ectopic HMGA2 expres-
sion resulted in tumor development in  vivo (Fig.  5). 
These results show the oncogenic role of HMGA2 in 
FN-RMS. The reason for the high HMGA2 expression in 
FN-RMS remains unclear. One possible mechanism is a 
genomic gain or amplification. Indeed, a genomic gain or 
amplification was observed in the region of chromosome 
12q13-15, which is the locus of HMGA2, in FN-RMS [37, 
38]. Another possible mechanism is a position effect due 
to a chromosomal rearrangement. Storiazzi et  al. inves-
tigated a case of polycythemia vera with HMGA2 gene 
rearrangement and found that the upregulation of the 
HMGA2 transcript was very likely due to a position effect 
[39].

As the underlying mechanism of the oncogenesis, the 
effects of HMGA2 on cellular proliferation, invasion, 
the epithelial–mesenchymal transition, and apoptosis 
inhibition have been reported in various tumor cells 
[34, 40–45]. Cai et  al. [42] showed that dysregulated 
HMGA2 contributed to cellular proliferation through 
cell cycle progression in prostate cancer. Our study 
showed that downregulation of HMGA2 led to cell 
cycle arrest and inhibited cell proliferation in FN-RMS 
(Fig.  2b, c). These results indicate that high HMGA2 
expression causes cell cycle upregulation and cell 
growth. Moreover, in our study, the HMGA2 reduc-
tion induced myogenic differentiation of FN-RMS cells 
(Fig. 3). In the skeletal muscle lineage, HMGA2 expres-
sion is high in proliferating skeletal myoblasts and is 
significantly reduced with muscle differentiation [46]. 

RMS displays a myogenic phenotype with the expres-
sion of MyoD and desmin [47] but fails to complete ter-
minal differentiation [48, 49]. These data indicate that 
oncogenesis of FN-RMS may result from not only cell 
growth, but also differentiation failure caused by the 
dysregulated function of HMGA2.

Along these lines, we examined whether netropsin 
might have an antitumor effect in FN-RMS. Indeed, 
netropsin inhibited the proliferation of FN-RMS in a 
dose-dependent manner (Fig.  6). Netropsin is a minor 
groove-binding protein targeting AT-rich DNA. Such 
a minor groove of AT-rich DNA sequences is also a 
binding site for HMGA family proteins. Therefore, 
netropsin competes with the HMGA family proteins 
HMGA1 and HMGA2 for DNA binding and interferes 
with their function [14, 15]. Lau et al. [50] showed that 
netropsin inhibited HMGA1-expressing medulloblas-
toma cell growth in  vitro and in  vivo, with a reduc-
tion in HMGA1-targeted RNA promoter activity and 
expression. The  IC50 value of netropsin in that study 
was in the micromolar order, as in our findings. These 
results make this minor grove inhibitor a promising 
antitumor agent for HMGA2-expressing FN-RMS. The 
limitation of this finding is that it is not clear whether 
the antitumor effect of netropsin on FN-RMS cells is 
due to specific inhibition of HMGA2. Investigation of 
HMGA2–target gene expression could prove its speci-
ficity. However, the HMGA2 target gene contributing 
to the proliferation of FN-RMS cells is still unknown.

Conclusions
In conclusion, this study has yielded two important 
observations. First, high HMGA2 expression leads 
to FN-RMS oncogenesis and represents a potentially 
attractive therapeutic target in FN-RMS. Second, 
netropsin, a small-molecule minor groove-binding pro-
tein, is a promising agent for the treatment of FN-RMS 
patients.
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