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Abstract
Embryonic rhabdomyosarcoma (ERMS) is the most common soft-tissue tumor in children. Here,
we report the identification of the minor groove DNA-binding factor high mobility group AT-
hook 2 (HMGA2) as a driver of ERMS development. HMGA2 was highly expressed in normal
myoblasts and ERMS cells, where its expression was essential to maintain cell proliferation,
survival in vitro, and tumor outgrowth in vivo. Mechanistic investigations revealed that
upregulation of the insulin–like growth factor (IGF) mRNA-binding protein IGF2BP2 was critical
for HMGA2 action. In particular, IGF2BP2 was essential for mRNA and protein stability of
NRAS, a frequently mutated gene in ERMS. shRNA-mediated attenuation of NRAS or
pharmacologic inhibition of the MAP-ERK kinase (MEK)/extracellular signal-regulated kinase
(ERK) effector pathway showed that NRAS and NRAS-mediated signaling was required for
tumor maintenance. Taken together, these findings implicate the HMGA2–IGFBP2–NRAS
signaling pathway as a critical oncogenic driver in ERMS.

Introduction
Rhabdomyosarcoma is the most common soft-tissue sarcoma in children. It displays features
of immature skeletal muscle, including the existence of myoblast-like cells, and the
expression of myogenic factors such as MyoD and Desmin (1). There are 2 major subtypes
of rhabdomyosarcoma, embryonal rhabdomyosarcoma (ERMS) and alveolar
rhabdomyosarcoma (ARMS; ref. 2). The ERMS subtype is more common than ARMS, and
accounts for about 70% of total rhabdomyosarcoma cases. ERMS and ARMS were
originally distinguished by pathologists according to their morphologies. However, it is now
clear that these 2 rhabdomyosarcoma subtypes have different genetic mutation signatures.
ARMS is characterized by either a t(2;13) or a t(1;13) chromosomal translocation, which
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generates PAX3–FOXO1 or PAX7–FOXO1 fusion proteins, respectively (3). In contrast,
ERMS tumors frequently have mutations in components of the RAS pathway, such as
NRAS mutations, HRAS mutations, or NF1 deletions (4). Expression of RAS mutants in
muscle progenitors is sufficient to induce an ERMS-like phenotype in mice (5), suggesting
that dysregulation of the RAS pathway may be a key event presaging a muscle stem cell to
an ERMS fate.

High mobility group AT-hook 2 (HMGA2) is a DNA-binding protein that is highly
expressed during embryonic development, but turned off in most adult tissues (6).
Interestingly, HMGA2 is frequently reactivated in various cancers. High HMGA2 levels
have been associated with increased metastasis and poor prognosis in settings of cancer (7–
10). Even though the expression pattern of HMGA2 implies that this gene may play an
important role in oncologic transformation, only limited studies have been reported
regarding the molecular mechanisms downstream of HMGA2 in cancer cells (8, 11–14).

IGF2 mRNA-binding protein 2 (IGF2BP2), also known as IMP2, was found to be an
HMGA2 target gene during early embryonic development (15). IGF2BP2 belongs to a
family of RNA-binding proteins that contain 6 characteristics of RNA-binding modules,
including 2 N-terminal RNA recognition motifs (RRM1 and RRM2) and 4 C-terminal
hnRNP K-homology (KH1–KH4) domains (16). Its homolog, IGF2BP1/IMP1, has been
shown to be essential for normal embryonic growth and development (17–19). In contrast,
little is known about the function of IGF2BP2 in either development or cancer, other than
the widely studied association between its genetic variance and the risk of type II diabetes
(16).

Materials and Methods
Animal and xenograft experiments

All procedures were carried out in accordance with the standards of the U.S. Department of
Health and Human Services, and were approved by the Novartis Animal Care and Use
Committee. RD (a specific rhabodomyosarcoma cell line) cells were transduced with
inducible shRNA constructs. Stable shRNA/luciferase-producing clones were selected in
media containing 0.5 μg/mL puromycin (Invitrogen). Xenografts were generated by
injecting 3 × 106 cells subcutaneously into 8- to 10-week-old nude mice (Taconic). Once
tumors grew to sizes between approximately 200 and 400 mm3, mice were treated with 2
mg/mL doxcycline (Sigma) in 5% sucrose drinking water or 5% sucrose drinking water
alone for 21 days. Tumor sizes were measured twice a week.

Cell lines and tissue culture
RD and TE617 rhabdomyosarcoma cell lines were purchased from American Type Culture
Collection (ATCC). Cells were cultured in Dulbecco's Modified Eagle Medium (DMEM)
plus 10% FBS. Human skeletal muscle myoblasts (HSMM) were obtained from Lonza
(#CC-2580) and cultured with Clonetics Skeletal Muscle Myoblast Cell System media and
additives (#CC-3245 and #CC-5034).

Overexpression and shRNA knockdown experiments
For the overexpression experiments, murine HMGA2 was subcloned from a cDNA library
(Open Biosystems #6332337) into the pLenti6/V5-DEST lentiviral expression vector.
Human IGF2BP2 (Origene, # SC324486) was subcloned using a similar strategy. Lentivirus
particles were produced by ViraPower Lentiviral Packaging Mix (Sigma, # SHP001) in
293FT cells, filtered, and used to infect myoblast cells. For knockdown of HMGA2 or
IGF2BP2, lentiviral-based MISSION shRNA constructs (Sigma) against human HMGA2 or
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IGF2BP2 genes were purchased. Lentivirus was produced by ViraPower Lentiviral
Packaging Mix in 293FT cells, filtered and used to infect cells. The efficacy of (shRNA)-
mediated knockdown was examined by real time (RT-PCR) and Western blots. A
nontargeting (NT) shRNA construct was always used as a negative control (Sigma,
#SHC202).

RNA-binding protein immunoprecipitation
RNA-binding protein immunoprecipitation (RBP-IP) was carried out using a Magna RIP
RNA-Binding Protein Immunoprecipitation Kit (Millipore) and an IGF2BP2 antibody
(Millipore, # 03–251). Briefly, rhabdomyosarcoma cells were lysed in
radioimmunoprecipitation assay buffer; immunoprecipitations were carried out using
antibodies against IGF2BP2 or normal mouse IgG, with protein A magnetic beads. Magnetic
bead–bound complexes were immobilized with a magnet, and unbound materials were
rinsed off with washing buffer. RNAs coimmunoprecipitated with IGF2BP2 antibody or IgG
were eluted, reverse transcribed, and analyzed by quantitative real-time PCR.

mRNA half-life analysis
RD cells infected with NT-shRNA, IGF2BP2-shRNA, or HMGA2-shRNA were treated
with 5 μg/mL actinomycin D (Sigma). Following the addition of actinomycin D, cells were
kept in normal culture condition for various periods of time before total RNA was extracted
and measured by RT-PCR.

Luciferase assay
NRAS-3′UTR-luciferase construct was a gift from Dr. Frank Slack (Addgene, # 13797).
NRAS-3′UTR-Luciferase, Renilla, and IGF2BP2 plasmids were transfected into 293 cells
seeded in 96-well plates using FUGENE 6 (Roche) transfection reagent following the
manufacturer's protocol. Forty-eight hours later, the cells were lysed and luciferase assays
were conducted using a Dual-Luciferase Reporter Assay System (Promega) on a
luminometer. Transfection of each combination was carried out in triplicate in each assay.
Luciferase readings were taken as singlets. Ratios of Renilla luciferase readings to Firefly
luciferase readings were taken for each experiment and triplicates were averaged.

Immunofluorescence and immunohistochemistry
For immunofluorescence, cells grown in chamber slides were fixed by 4%
paraformaldehyde for 15 minutes at room temperature and permeabilized by 0.5% Triton
X-100. Samples were then stained with primary antibody for 2 hours and with secondary
antibody for 30 minutes at room temperature. Nuclei were labeled with 4′, 6-diamidino-2-
phenylindole (DAPI). Primary antibodies used were HMGA2 (Cell Signaling, #5269) and
MHC (Millipore, #05–833). Secondary antibodies used are goat-anti-rabbit IgG Alexa Fluor
488 (Invitrogen) and goat-anti-mouse IgG Alexa Fluor 594 (Invitrogen). For
immunohistochemistry, the paraffin-embedded sections were cleared and the sections were
incubated with 0.1% Pronase (Roche #165 921) in 0.1% CaCl2 pH 7.8. at 37° C for 10
minutes. They were blocked with 3% H2O2 in Tris-buffered saline (TBS) for 10 minutes.
After washing, they were further blocked with 10% normal rabbit serum for 10 minutes at
room temperature and incubated with HMGA2 antibody (Cell Signaling, 1:100) for 2 hours
at room temperature, then with biotinylated goat–antimouse at 1/100 for 30 minutes at room
temperature, and finally with Strep–ABC complex (Dako) at 1/100 for 30 minutes at room
temperature. The sections were developed with an AEC substrate kit (vector lab) at room
temperature for 20 minutes, counter-stained with hematoxylin, and after drying were
mounted with DAKO aqueous mount (Dako, 003181).
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Results
HMGA2 is highly expressed in human myoblasts and ERMS cells

Given that rhabdomyosarcoma cells share many characteristics with undifferentiated
myoblasts, such as expression of muscle lineage markers, and a proliferation-competent
phenotype, we asked whether genes controlling early myogenesis might also contribute to
the transformed phenotype seen in rhabdomyosarcoma. To address this question, we first
identified a group of genes that were highly expressed in proliferating myoblasts, but not in
differentiated myofibers. HMGA2 was a top candidate because it was highly expressed in
undifferentiated HSMMs, rapidly downregulated during differentiation, and became
essentially undetectable in mature muscle fibers (Fig. 1A and B). We next examined
whether HMGA2 was also highly expressed in rhabdomyosarcoma. Comprehensive
database analyses confirmed that HMGA2 mRNA was absent in all adult tissues examined
but reactivated in rhabdomyosarcoma samples (Fig. 1C), particularly in those of the ERMS
subtype (Fig. 1D). In contrast, while HMGA1 shares significant homology with HMGA2,
HMGA1 mRNA remained detectable in adult tissues and its level was below average in
rhabdomyosarcoma samples (Supplementary Fig. S1).

To investigate whether the HMGA2 protein level was also high in ERMS, protein samples
were harvested from several cancer or immortalized cell lines, including the ERMS-type RD
and TE617 cell lines. RD and TE617 cells expressed much higher levels of HMGA2 in
comparison with other cancer/immortal cell lines (Fig. 1E). Therefore, HMGA2 is not a
general cell proliferation marker; rather, it is selectively activated in ERMS. Similar to its
mRNA profile, HMGA1 was ubiquitously expressed in all cell lines examined. Consistent
with HMGA2 as a DNA-binding protein, nuclei versus cytoplasm was fractionated, and
lysates run on a Western blot analysis have shown that HMGA2 protein was exclusively
localized to the nuclei of ERMS cells (Fig. 1E); this was confirmed by immunofluorescence
staining (Fig. 1F). Immunohistochemistry also confirmed that HMGA2 was clearly evident
in primary ERMS samples (Fig. 1G).

HMGA2 is indispensable for ERMS survival and growth in vitro
The unique and strong expression of HMGA2 in ERMS prompted the query as to whether it
is required for ERMS proliferation or survival. Lentiviral-based HMGA2 shRNAs achieved
more than 80% knockdown of HMGA2 protein, in comparison with a NT shRNA control
(Fig. 2A). Knockdown of HMGA2 in ERMS cell lines resulted in a strong inhibition of cell
proliferation (Fig. 2B and C). Caspase-3/7 activity increased 15- to 20-fold after HMGA2
knockdown (Fig. 2D), indicating that loss of HMGA2 induced apoptosis in
rhabdomyosarcoma cells.

To examine the specificity of HMGA2 shRNA constructs, and make sure the observed
phenotypes were not due to off-target effects, we conducted rescue experiments;
overexpression of murine HMGA2 protein largely rescued the inhibitory effect of human
HMGA2 shRNAs on rhabdomyosarcoma cells (Supplementary Fig. S2). Expression of
murine HMGA2 also significantly reduced apoptosis in HMGA2 shRNA-treated cells (Fig.
2E). In addition, we introduced HMGA2 shRNAs into the MCF7 breast cancer cell line,
which does not express endogenous HMGA2 (Fig. 1E). HMGA2 shRNAs had minimal
growth inhibitory effects on MCF7 cells (data not shown). These data together suggest that
the phenotypes observed in rhabdomyosarcoma cells largely resulted from on-target effects
of HMGA2 shRNAs.
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HMGA2 is crucial for ERMS tumorigenesis in vivo
To investigate the effect of targeting HMGA2 in vivo, NT and HMGA2 shRNA hairpins
were subcloned into a doxycyclineinducible lentiviral construct. Without doxycycline
treatment, cell lines with NT shRNA or HMGA2 shRNA grew at similar rates. Upon
doxycycline treatment, HMGA2 shRNA successfully reduced HMGA2 mRNA and protein
levels by more than 70% (Fig. 3A). Similar to constitutively active shRNAs, inducible
HMGA2 shRNA inhibited cell growth and increased cell death of ERMS cells in vitro (Fig.
3B). Inducible HMGA2 shRNAs gradually led to a G0–G1 cell-cycle arrest in ERMS cells
(Fig. 3C). The inducible HMGA2 shRNAs also caused a decrease in proliferation, as shown
by a more than 80% reduction in cell number that stained positive for Ki67 (Supplementary
Fig. S3A).

To examine whether HMGA2 is essential for ERMS tumor growth and maintenance in vivo,
RD cells infected with NT or HMGA2-inducible shRNA were transplanted into nude mice.
Cells grew at similar rates in vivo without doxycycline treatment. When the average tumor
size reached 300 to 400 mm3, 2 mg/mL doxycycline was added to the drinking water.
HMGA2 shRNA, but not NT shRNA, significantly blocked further tumor growth and
caused tumor regression in some cases (Fig. 3D)—showing that HMGA2 is required for
ERMS proliferation and maintenance in vivo.

Even though HMGA2 inhibition significantly reduced tumor growth, eventually, resistant
tumors arose in the HMGA2 shRNA group. This could be either due to inefficiency in the
maintenance of the expression knockdown by HMGA2 shRNA or as a result of an activation
of compensatory pathways. To determine which of these possibilities were operative,
resistant tumors were harvested from the HMGA2 inducible-shRNA group and stained for
HMGA2 protein. All resistant tumors showed strong staining for HMGA2 (Supplementary
Fig. S3B), indicating these tumors came from clones that failed to turn off HMGA2 upon
doxycycline treatment (though still one might argue that a secondary mechanism stabilized
residual HMGA2 protein, so that mechanism is not excluded).

HMGA2 regulates IGF2BP2 in rhabdomyosarcoma
To better understand the mechanism by which HMGA2 mediates ERMS oncogenesis,
microarray analyses were conducted to compare the mRNA profiles of RD cells infected
with NT or HMGA2 shRNAs at several time points. Five hundred and twenty five genes
were significantly downregulated and 242 genes were significantly upregulated in HMGA2
shRNA-infected samples (Fig. 4A). Consistent with the strong cytostatic and cytotoxic
phenotype associated with HMGA2 knockdown, the most downregulated gene networks
were involved in cell death, growth, and proliferation (Fig. 4B and Supplementary Table
S1). As a transcriptional coregulator, HMGA2 may regulate multiple pathways. Our
approach was to identify distinct pathways that HMGA2 regulates in ERMS, and then
determine the pathway's requirement for the transformed phenotype. IGF2BP2, a known
target of HMGA2 during embryonic development (15), was identified as one of the top
genes downregulated by HMGA2 shRNAs (Supplementary Table S1). We confirmed that
IGF2BP2 mRNAs and protein were both reduced upon HMGA2 knockdown in RD cells
(Fig. 4C and D). Consistent with the possibility that IGF2BP2 is a direct target of HMGA2
in rhabdomyosarcoma, HMGA2 and IGF2BP2 mRNA levels were positively correlated in
19 soft-tissue sarcoma cell lines including rhabdomyosarcoma lines (Supplementary Fig.
S4). To examine whether HMGA2 may regulate IGF2BP2 in other tumor cells, the analysis
was extended to 1,000 cancer cell lines from various tissues. HMGA2 and IGF2BP2
mRNAs indeed showed significant correlation even in this highly heterogeneous cancer
group (Fig. 4E), strongly suggesting that the regulation of IGF2BP2 by HMGA2 may be
conserved in multiple cancer types. Because HMGA2 was reported to enhance E2F activity
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(8) and as the E2F pathway is strongly associated with cell-cycle regulation, we examined
whether E2F pathway was regulated by HMGA2 shRNAs in ERMS. Gene set enrichment
assay indicated that E2F pathway was significantly downregulated 72 hours, but not 48 or
96 hours after HMGA2 knockdown (Supplementary Fig. S5A). Quantitative RT-PCR
confirmed that the mRNA levels of multiple E2F targets, including CDC25A, CDC6, CDk1,
CyclinA2, and TK1 were reduced at the 72-hour time point (Supplementary Fig. S5B).
When HMGA2 was knocked down for 72 hours, E2F reporter activity was significantly
reduced by about 40% (Supplementary Fig. S5C). These data together indicate that HMGA2
is a positive regulator of E2F pathway in ERMS, which is not terribly surprising given the
perturbation of proliferation; however, given the rather modest changes, and the further data
showing a requirement for the HMGA2/IGF2BP2 pathway, the changes in E2F do not seem
to be primary in terms of mechanism downstream of HMGA2.

IGF2BP2 is crucial for ERMS survival and growth
The biologic roles of IGF2BP2 in cancer were unknown. To determine whether IGF2BP2 is
required for ERMS growth, shRNAs against IGF2BP2 were used to inhibit its expression
(Fig. 4F). Two shRNAs successfully knocked down IGF2BP2 mRNA levels by more than
80%. Similar to that of HMGA2, knockdown of IGF2BP2 in ERMS cells inhibited cell
growth and led to cell death (Fig. 4G). IGF2BP2 shRNAs also reduced colony formation in
vitro (Fig. 4H). To determine whether IGF2BP2 is a critical functional target of HMGA2 in
ERMS, we overexpressed IGF2BP2 in an HMGA2 knockdown background. Overexpression
of IGF2BP2 partially rescued the proliferation deficiency caused by HMGA2 knockdown in
ERMS cells (Supplementary Fig. S5D). Therefore, IGF2BP2 is important for ERMS growth
and represents a key target downstream of HMGA2 in ERMS cells.

IGF2BP2 binds to a set of mRNAs, including NRAS, and regulates NRAS mRNA stability
and protein production

It was next of interest to understand the mechanism by which IGF2BP2 regulates
proliferation and survival in ERMS cells. IGF2BP family members have been shown to
perturb stability and translation efficiency of the mRNAs they bind to (16, 20–22).
Therefore, we first tried to identify mRNAs bound by IGF2BP2 in ERMS cells. A previous
study identified top RNAs, including mRNAs, tRNAs, rRNAs, and microRNAs, bound by
overexpressed IGF2BP2 in HEK293 cells (23). We reanalyzed the data and noticed that the
top mRNAs bound by IGF2BP2 were enriched for those encoding proteins involved in
regulating cell proliferation and migration, most notably NRAS, but also including CCND2
and RHOA (Supplementary Table S2). The reason NRAS was of particular interest is that
this gene is one of the most frequently mutated genes in ERMS (4, 24–26), including in the
RD cell line, which was used for most of these experiments; so this finding would help
explain the mechanism by which expression of a causative oncogene is maintained in
ERMS. To confirm whether endogenous IGF2BP2 also bound to NRAS, CCND2, and
RHOA mRNAs in ERMS cells, RBP-IP was carried out. A specific IGF2BP2 antibody was
used to pull down endogenous IGF2BP2 protein, and many of the top mRNA candidates,
including NRAS, RAN, RHOA, and SP1, were coimmunoprecipitated with IGF2BP2
protein. The IGF2BP2 antibody did not pull down GAPDH, MYOD, or HMGA2 mRNAs
(Fig. 5A). Through analyzing RNA-sequencing data, we found that IGF2BP2 strongly
bound to the 3′UTR of NRAS mRNA (Fig. 5B). Because the NRAS 3′UTR is a crucial
element targeted by multiple microRNAs (27, 28), and involved in regulating NRAS mRNA
stability, this finding raised the possibility that IGF2BP2 could directly regulate NRAS
mRNA stability and protein production. Indeed, when IGF2BP2 or HMGA2 was knocked
down in ERMS cells, NRAS mRNA half-life was reduced from 6.3 hours to 3.9 hours and
3.5 hours, respectively (Fig. 5C). Knockdown of either HMGA2 or IGF2BP2 also reduced
NRAS protein in ERMS cells (Fig. 5D and E). To determine whether IGF2BP2 regulates
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NRAS mRNA stability through binding to its 3′UTR, HEK293 cells were cotransfected
with a luciferase-NRAS 3′UTR fusion construct (27) and an IGF2BP2 expressing construct.
IGF2BP2 overexpression caused a dose-dependent increase of luciferase activity (Fig. 5F),
indicating that IGF2BP2 indeed was able to bind to the 3′UTR of NRAS mRNA and
increase its mRNA stability and thus NRAS protein production.

The proliferation of ERMS cells with NRAS mutations is dependent on NRAS level and
activity

The proliferation of cancer cells containing mutated onco-genes is usually dependent on the
mutated protein products, a phenotype termed oncogene addiction (29). To determine
whether the regulation of NRAS protein levels by IGF2BP2 is required in ERMS with
NRAS mutations, NRAS was knocked down in RD cells by 2 independent shRNAs (Fig.
6A). The proliferation of RD cells was significantly reduced upon NRAS knockdown (Fig.
6B). In addition, RD and TE617 cells were much more sensitive to MEK and ERK
inhibitors AZD6244 and VX-11e, compared with the ARMS cell line RH30, which has a
wild-type NRAS gene (Fig. 6C). Therefore, like many cancers with NRAS mutations,
ERMS cells are highly dependent on the hyperactivated NRAS-MEK-ERK-MAPK pathway
for their growth and survival. The HMGA2–IGF2BP2 pathway thus comprises a novel and
important node maintaining NRAS protein production via mRNA stabilization

Discussion
The proliferation and subsequent differentiation of skeletal muscle stem cells into myofibers
are essential steps for muscle development, regeneration, repair, and maintenance. Failure of
terminal differentiation is a hallmark of the muscle-lineage tumor RMS. We reasoned that it
might be helpful to understand the molecular mechanisms controlling early myogenesis, to
gain an understanding of what might go wrong in the switch to the transformed phenotype
seen in RMS. Toward this goal, in a distinct study (29), we tried to identify genes that are
enriched in proliferating human myoblasts during the normal differentiation process, and in
this study asked which of these were also highly expressed in RMS cells. HMGA2 conforms
to this profile only in the ERMS, as opposed to the ARMS type of the disease. HMGA2 is
more than a simple marker of the ERMS subtype of disease; using both gain-of-function and
loss-of-function assays, we identified HMGA2 as a required gene, mediating proliferation
and survival of ERMS cells both in vitro and in vivo. In a parallel study, we have also
shown that HMGA2 is an important factor regulating normal mouse myoblast growth and
myogenesis—in normal myoblasts, HMGA2 must be downregulated in order for the
differentiation process to take place (30). These studies together help to explain why the
pathologic upregulation and maintenance of HMGA2 expression may presage oncogenic
transformation—the differentiation stage is thereby blocked.

HMGA2 was previously shown to enhance E2F activity and promote cell proliferation in
pituitary adenomas (8). We confirmed that many E2F targets were affected by HMGA2
shRNAs in ERMS. However, the regulation of the E2F pathway by HMGA2 in ERMS is
relatively modest, and may not be able to explain all the phenotypes we observed upon
HMGA2 knockdown. Given that any mechanism that results in a perturbation of the cell
cycle might in some way perturb E2F pathway members, it seemed that a more unbiased
approach to HMGA2 was in order. Using microarray and expression correlation analyses,
we identified IGF2BP2 as a top regulated gene by HMGA2 in cancers.

To determine whether HMGA2 is necessary or sufficient to mediate oncogenesis in ERMS
cells, the downstream pathway was further studied. Functional experiments further show the
importance of IGF2BP2 activation downstream of HMGA2 upregulation for ERMS
proliferation and survival. IGF2BP2 is a known target for HMGA2 during embryonic
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development (15, 31), and has been reported to be highly expressed in some cancers (32,
33). However, its potential role in tumorigenesis has not been elucidated. The data presented
in the current study, together with a second report, which showed that IGF2BP2 regulates a
glioma cancer stem cell metabolism (34), strongly suggest that the HMGA2–IGF2BP2
pathway plays a required role to maintain proliferation and survival, perhaps by blocking
differentiation mechanisms, in particular settings of cancer.

In ERMS cells, IGF2BP2 was in turn found in this study to regulate the mRNA stability of
NRAS, an oncogene frequently mutated in ERMS but not ARMS, providing a plausible
explanation as to the terminal step in maintaining the transformed phenotype upon
HMGA2–IGF2BP2 activation. In a mutated NRAS background, ERMS cells with high
HMGA2 expression may have a growth advantage due to their ability to maintain high
NRAS level and activity and therefore be selected for during early tumorigenesis. It is worth
noting that HMGA2 expression is dependent on the RAS pathway in some contexts (11).
Therefore, there seems to be a positive feedback loop of RAS–HMGA2–IGF2BP2, in turn
stimulating HMGA2/IGFBP2/NRAS/MEK/ERK signaling in ERMS cells here.

NRAS is a well-known oncogene that is frequently mutated in many tumors, including
ERMS. Cells with NRAS mutations are usually dependent on this oncogene for survival (35,
36) and we have confirmed that ERMS cell lines are also dependent on the mutated NRAS
protein. Knockdown of NRAS inhibited ERMS cell proliferation and decreased survival.
Furthermore, a negative effect on cell number was observed with MEK and ERK
pharmacologic inhibitors, showing that in ERMS cells NRAS is operating through the well-
studied RAS/MEK/ERK pathway. Although NRAS mutations have been extensively
studied, little attention has been paid to how the NRAS protein is maintained. Our study
identifies new layers of regulation of NRAS, in this case, at the step of maintaining the half-
life of its mRNA, resulting in higher protein levels. Because the development of RAS
inhibitors has been largely unsuccessful so far, the HMGA2–IGF2BP2 axis may provide a
novel target for future drug development to treat this childhood cancer.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
HMGA2 mRNA and HMGA2 protein are highly expressed in myoblasts and embryonic
rhabdomyosarcoma cells. A, HMGA2 mRNA levels gradually drop during human myoblast
differentiation. Eighty percent of confluent HSMMs were cultured in differentiation media
for 4 days. mRNA samples were harvested at days 0, 3, and 4. RT-PCR was then conducted
to quantify the level of HMGA2 mRNA. Data were normalized to GAPDH and 18S
mRNAs. *, P < 0.05 versus mRNA level at day 0. B, HMGA2 expression is inversely
correlated with myoblast terminal differentiation. Human myoblasts were grown to more
than 80% confluence in proliferation media, and switched to differentiation media for 2
days. Cells were then fixed and stained for HMGA2 and myosin heavy chain (MHC). At this
stage, 30% to 40% cells became terminally differentiated and expressed MHC (scale bar, 50
μm). Interestingly, HMGA2 and MHC expression were mutually exclusive. MHC-positive
cells are negative for HMGA2 [white arrow, HMGA2(+)/MHC(−) nuclei; yellow arrow,
HMGA2 (−)/MHC(+) nuclei]. C, HMGA2 mRNA is absent in adult human tissues but
reactivated in various cancer cells. Rhabdomyosarcoma (RMS) shows the highest average
expression level. ES, embryonic stem cells. D, HMGA2 mRNA is highly expressed in
normal human myoblasts and rhabdomyosarcoma cells of the ERMS subtype. *, P < 0.05,
Student t test. E, HMGA2 protein is selectively expressed in ERMS cell lines, whereas
HMGA1 is ubiquitously expressed. N, nuclei; C, cytoplasmic. F HMGA2 protein is
localized to the nuclei of normal human myoblasts and rhabdomyosarcoma cells. Scale bar,
25 μm. G HMGA2 is widely expressed in primary human ERMS specimens. Scale bar, 50
μm.
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Figure 2.
HMGA2 is required for embryonic rhabdomyosarcoma growth in vitro. A, knockdown of
HMGA2 in RD cells using lentiviral-based shRNAs. NT shRNA control or 3 independent
shRNAs (1#, 2#, 3#) targeting HMGA2 were used. All 3 HMGA2 shRNAs significantly
reduced HMGA2 levels, in comparison to the NT shRNA. B, knockdown of HMGA2 in
ERMS cells reduces proliferation and induces cell death. Images were taken 96 hours after
infection. Scale bar, 100 μm. C, knockdown of HMGA2 in ERMS cells reduces
proliferation, measured by cell-titer assays. *, P < 0.05, Student t test. D, knockdown of
HMGA2 in ERMS cells induces apoptosis, measured by activated caspase 3/7 activity. *, P
< 0.05, Student t test, sh-HMGA2 sample versus sh-NT sample. E, overexpression of
HMGA2 significantly rescues the apoptosis effect of HMGA2 shRNA. *, P < 0.05, Student t
test.
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Figure 3.
HMGA2 is required for rhabdomyosarcoma growth in vivo. A, doxycycline (Dox)-inducible
shRNA successfully reduced HMGA2 protein levels. B, inducible shRNA against HMGA2
caused doxycycline-dependent cell growth inhibition and cell death. The inhibition/death
phenotypes were observed in sh-HMGA2–infected cells but not inducible sh-NT–infected
cells. Arrows indicate dying cells. C, knockdown of HMGA2 in ERMS cells reduces the
time cells spend in S-phase and causes G0–G1 arrest. Doxycycline treatment led to a gradual
decrease of cells in S-phase and accumulation of cells in G0–G1 phase. D, doxycycline-
inducible shRNA shows that HMGA2 is required for rhabdomyosarcoma growth in vivo. *,
P < 0.05, Student t test. +Dox group versus −Dox group at the same time point.
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Figure 4.
HMGA2 regulates IGF2BP2, which is necessary for ERMS growth. A, heatmap of
microarray on HMGA2 knockdown samples illustrates HMGA2-regulated genes in
rhabdomyosarcoma cells. B, genes significantly downregulated by HMGA2 knockdown are
enriched for those controlling cell death, growth, and proliferation, including NRAS. Gene
sets were analyzed by IPA software. C, knockdown of HMGA2 reduces IGF2BP2 mRNA.
*, P < 0.05, Student t test, sh-HMGA2 sample versus sh-NT sample. D, knockdown of
HMGA2 reduces IGF2BP2 protein. E, HMGA2 and IGF2BP2 mRNA levels are correlated
in cancer cell lines. F, knockdown of IGF2BP2 using lentiviral-based shRNAs. **, P < 0.01,
Student t test, sh-IGF2BP2 sample versus sh-NT sample. G, knockdown of IGF2BP2 in
ERMS cells reduces proliferation and induces cell death. Images were taken 96 hours after
infection. Scale bar, 100 μm. H, knockdown of IGF2BP2 using doxycycline-inducible
shRNAs in rhabdomyosarcoma cells inhibits colony formation.
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Figure 5.
IGF2BP2 binds to mRNAs and regulates multiple oncogenic genes, including NRAS. A,
IGF2BP2 binds to mRNAs of Igf2, Ccnd2, NRas, Ran, RhoA, and Sp1, but not GAPDH,
MYOD, and HMGA2. **, P < 0.01, Student t test, IGF2BP2 antibody versus IgG control. B,
IGF2BP2 binds to the 3′UTR of NRAS mRNA. C, IGF2BP2 regulates the stability of
NRAS mRNA. After IGF2BP2 shRNA treatment, NRAS mRNA half-life (T1/2) is reduced
from 6.3 to 3.9 hours. HMGA2 shRNA reduces half-life to 3.5 hours. D, knockdown of
IGF2BP2 reduces NRAS protein levels. Five different shRNAs were used to knock down
IGF2BP2; NRAS protein levels correlate well with IGF2BP2 knockdown efficacy. E,
knockdown of HMGA2 reduces the NRAS protein level in ERMS cells. F, IGF2BP2
stabilizes NRAS-3′UTR-luciferase protein. Luciferase assays show a dose-dependent
increase of luciferase activity with IGF2BP2 overexpression. *, P < 0.01, Student t test.
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Figure 6.
Growth of ERMS cells is dependent on NRAS protein and downstream pathway. A,
successful knockdown of NRAS mRNA by inducible shRNAs. *, P < 0.05, Student t test. B,
knockdown of NRAS in RD cells reduces proliferation. *, P < 0.05, Student t test. NRAS
shRNA versus NT shRNA control. C, RD and TE617 ERMS cell lines are more sensitive to
ERK inhibitor (VX-11e) and MEK inhibitor (AZD6244) than ARMS cell line RH30.
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