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Characterization 
of a rhabdomyosarcoma reveals 
a critical role for SMG7 in cancer 
cell viability and tumor growth
Alexander J. Steiner , Yang Zheng  & Yi Tang *

Soft-tissue sarcomas (STSs) are a rare and diverse group of mesenchymal cancers plagued with 
aggression, poor response to systemic therapy, and high rates of recurrence. Although STSs generally 
have low mutational burdens, the most commonly mutated genes are tumor suppressors, which 
frequently acquire mutations inducing nonsense-mediated mRNA decay (NMD). This suggests 
that STS cells may exploit NMD to suppress these anti-cancer genes. To examine the role that the 
NMD factor SMG7 plays in STS, we developed an inducible knockout mouse model in the Trp53−/− 
background. Here, we isolated a subcutaneous STS and identified it as a rhabdomyosarcoma 
(RMS). We report that knockout of SMG7 significantly inhibited NMD in our RMS cells, which led 
to the induction of NMD targets GADD45b and the tumor suppressor GAS5. The loss of NMD and 
upregulation of these anti-cancer genes were concomitant with the loss of RMS cell viability and 
inhibited tumor growth. Importantly, SMG7 was dispensable for homeostasis in our mouse embryonic 
fibroblasts and adult mice. Overall, our data show that the loss of SMG7 induces a strong anti-cancer 
effect both in vitro and in vivo. We present here the first evidence that disrupting SMG7 function may 
be tolerable and provide a therapeutic benefit for STS treatment.

Soft-tissue sarcomas (STSs) are aggressive cancers that respond poorly to chemotherapy and have few efficacious 
options for targeted  therapy1. STSs are mesenchymal cancers that derive from several different lineages, such as 
cartilage, adipose, fibrous, vasculature, smooth muscle, and skeletal  muscle2. STSs are further categorized by their 
histology, giving rise to more than 70 histological  subtypes3. STSs in the adult population are rare (~ 1%), with 
the incredible diversity of STS resulting in several subtypes being exceedingly rare. The rarity of STS hampers 
both the exploration of targeted therapies and guidance for systemic therapies. The treatment of STS is further 
complicated due to the heterogeneous response to systemic therapies across subtypes, such as in rhabdomyo-
sarcoma (RMS). RMS is a skeletal muscle sarcoma characterized by nuclear staining of the myogenic regulatory 
factors MyoD1 and/or  myogenin4,5. The four main histological subtypes of RMS are embryonal, alveolar, spindle 
cell/sclerosing, and  pleomorphic5. RMS is a main cancer seen in children, with subtypes mostly presenting as 
embryonal or alveolar  RMS6,7. The high incidence of RMS in the paediatric population has allowed the stand-
ardization of treatment using a multimodal chemotherapeutic strategy, resulting in a 5-year overall survival (OS) 
rate of 61%6. Pleomorphic RMS is mainly an adult subtype of RMS that responds poorly to the same paediatric 
multimodal treatment, resulting in a 5-year OS rate of 30%5,8. The poor response rate of chemotherapeutics seen 
in pleomorphic RMS is common across STSs, which highlights the need for the discovery of viable therapeutic 
targets.

As STSs exhibit low somatic mutation burdens, with the most frequently mutated genes being tumor suppres-
sors, it may be beneficial to search for therapy targets in the cancer fitness gene category rather than the driver 
oncogene  category9. Cancer fitness genes are distinct from driver oncogenes as they are dispensable for initial 
 transformation10. These genes are utilized by cancer cells to gain proliferative, survival, stress-response, or meta-
static benefits during cancer progression, and they tend to be unnecessary for somatic cells under homeostatic 
 conditions10. Nonsense-mediated mRNA decay (NMD) is a pathway that consists of numerous factors, some of 
which may fall into the cancer fitness gene  category11,12.

NMD is a quality control and transcriptomic regulatory pathway largely targeting mRNAs that harbor pre-
mature termination codons (PTCs), upstream open reading frames (uORFs) where the termination codon is 
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interpreted as a PTC, or unusually long (> 1 kb) 3′ untranslated regions (UTRs)13,14. NMD is activated when 
the helicase/ATPase UPF1 is phosphorylated by the serine/threonine kinase SMG1. The complex formation 
of UPF1, UPF2 and UPF3b further stimulates UPF1  activity15. Phosphorylation of UPF1 creates binding sites 
for the SMG5/SMG7  heterodimer16. SMG5/7 bind to UPF1 and recruit a deadenylation complex, a decapping 
complex, and the endonuclease SMG6, which leads to the complete degradation of the targeted  mRNA17–19. 
SMG5/7 also recruit the phosphatase PP2A to dephosphorylate and recycle UPF1, thus allowing NMD to begin 
on a new  target17,20.

STS cells may utilize NMD to give themselves a proliferative and survival advantage. A plethora of NMD 
targets have been identified, with several being linked to apoptotic and cell cycle arrest effects, such as GADD45b 
and the tumor suppressor lncRNA  GAS521–23. While GAS5 is downregulated in numerous cancers, including 
osteosarcoma, the role that GADD45b plays in cancer is less clear, as there are reports of decreased expression 
of GADD45b in some cancers and increased expression in other  cancers24,25. Cancer cells may also exploit NMD 
to decrease the amount of neoantigen production to avoid a strong immune  microenvironment26. Although, this 
may not be as relative to STSs as they generally have low mutation burdens, with the most frequently mutated 
genes being the tumor suppressors RB1, ATRX, and  TP539,27,28. The same tumor suppressors frequently acquire 
NMD-eliciting mutations in STSs, which suggests that NMD may provide STS cells with a fitness advantage by 
downregulating tumor  suppressors29. The relationship between mutated genes in STS and NMD-targeted genes 
suggests that NMD may be a pathway worthy of exploration for therapeutic targets in STSs.

We and others have shown that SMG7 plays key roles in the p53-mediated DNA damage response and in 
NMD, but its role in STS is  unexplored30–33. The role that p53 plays in cancer has been heavily studied, with 
mutations and deep deletions being common in several subtypes of STS, including  RMS9,34–36. The role that 
SMG7 and other NMD factors may play in cancer is a relatively novel and burgeoning field. There is evidence 
to suggest that NMD can exhibit two dichotomous paradigms in cancer, pro- or anti-tumorigenic  roles11,12,37–40. 
NMD may act in a pro-tumorigenic role by downregulating tumor suppressors, pro-inflammatory neoantigens, 
and desensitizing cancer cells to  chemotherapeutics41–44. SMG7 and several other NMD factors are upregu-
lated in a subgroup of colorectal cancers (CRC) with microsatellite instability (MSI)44. Inhibition of NMD in 
these cells led to the expression of hundreds of PTC-containing mRNAs with a concomitant decrease in the 
proliferation of MSI CRC cells, both in vitro and in vivo44. NMD may also act in an anti-tumorigenic role by 
suppressing stress-induced factors, epithelial-mesenchymal transition, invasion, migration, metastasis, and by 
sensitizing cells to cytokine-induced  death45–48. The knockdown of SMG7 in breast cancer cells decreased the 
effectiveness of TNFα-mediated cell  death47. TNFα and melphalan are utilized in isolated limb perfusion for 
the treatment of extremity STSs, suggesting that targeting SMG7 function could have negative effects in this 
route of  treatment49–51. These combined studies intimate that targeting SMG7 may provide either beneficial or 
detrimental effects in STS treatment.

In this study, we utilize a genetically engineered mouse model, which has the ability to conditionally knock 
out SMG7 and generate spontaneous STSs, to isolate a spontaneous RMS and analyze what role SMG7 plays in 
this STS subtype. We show that the loss of SMG7 leads to decreased proliferation and increased apoptosis in 
our RMS cells, both in vitro and in vivo. We also show that short-term knockout of SMG7 is tolerable in adult 
mice, with few gross anatomical changes in organ sizes. Our data suggests that targeting SMG7 function may be 
tolerable and provide a therapeutic benefit for STS treatment.

Results
The two main models used to study STS are patient-derived xenografts (PDXs) and genetically engineered mouse 
models (GEMMs), both of which have their own advantages and  disadvantages52. We elected to go with a GEMM 
as we are interested in the role of SMG7 in both tumorigenesis and the tumor microenvironment. Several NMD 
factors have been shown to be required for embryogenesis, including SMG7 in Arabidopsis thaliana and Danio 
rerio53–59. Given this, we utilized the knockout-first design to create a Smg7 conditional knockout mouse (Smg-
7flox/flox) in the C57BL/6 background (see Supplemental Fig. S1 online)60,61. To induce diverse de novo tumori-
genesis, we made use of the archetypal Trp53−/− (also known as p53−/−) genotype, whereby STSs and lymphomas 
form in p53−/− mice at a high frequency and within six  months62,63. The primary tumor cells derived from our 
syngeneic model can then be introduced into fully immunocompetent mice. The ability to generate several, 
unique STSs provides additional benefit as STSs are a very heterogeneous group of cancers, and SMG7 may play 
different roles in different histological subtypes. Generating p53−/− sarcomatous tumors is also germane, as the 
MDM2-p53 pathway is one of the most frequently mutated pathways in STS, with deep deletions of p53 being 
common in leiomyosarcoma, undifferentiated pleomorphic sarcoma, and  myxofibrosarcoma9.

Establishing and Characterizing STS Cell Lines. Our genetically engineered mice generated several 
tumors. As predicted in the literature, most of the spontaneous tumors were  lymphomas62,63. We were able to 
isolate several sarcomatous tumors (8 tumors total). From one of these tumors, we established a primary tumor 
cell line that exhibited the ability to form tumors with 100% penetrance after subcutaneously injecting the tumor 
cells into the flanks of our mice (4 of 4 injected-mice developed large tumors). For the remainder of isolated 
tumors, we encountered issues with tumor cells either failing to grow in vitro or failing to form tumors after 
injecting the cells subcutaneously into the flanks of our mice (4 mice used for each cell line injection). We 
were able to isolate and establish a STS cell line from a male Smg7flox/flox; p53−/− mouse. This mouse generated a 
solid tumor located subcutaneously on the right-dorsal-caudal position (see Supplemental Fig. S1). We excised 
the tumor and established a primary cell line from the original tumor population. As sarcomatous tumors are 
inherently heterogeneous, we also used a limiting dilution method to establish several clonal cell lines from 
the original tumor population (see Supplemental Fig. S1). We have utilized the original tumor population and 
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several clonal cell lines to corroborate our results. Our tumor cells were adherent and exhibited a pleomor-
phic phenotype that consisted of spindle-like, histiocyte-like, and large syncytia-like morphologies (see Fig. 1a). 
Individual clones displayed the same morphologies (see Fig.  1b and Supplemental Fig. S1). The tumor cells 
demonstrated a complete loss of contact inhibition and were able to proliferate unhindered for over 30 passages. 
To test if our primary cells retained their tumor-initiating capacity, we orthotopically introduced 500,000 of the 
original tumor cells and a clonal cell line into the subcutaneous flanks of our immunocompetent C57BL/6 mice. 
Eight days after injection, the mice were sacrificed and their tumors were collected. Both tumor and clonal cells 
formed large tumors with 100% penetrance (see Fig. 1c,d). We fixed the tumors and then stained them with hae-
matoxylin and eosin (H&E). The H&E staining showed that the tumors were contained within a fibrous pseu-
docapsule and consisted of spindle-like and pleomorphic cells forming a storiform pattern (see Supplemental 
Fig. S1). The pleomorphic tumor cells had an abundance of dense, eosinophilic cytoplasm. Many cells exhibited 
mitotic figures with few having atypical mitotic figures. Several cells displayed nuclear atypia, especially the 
large, syncytia-like cells dotted throughout the tumor. None of the tumors exhibited anaplasia. Histologically, the 
tumor presented similarly to a high grade, spindle cell, pleomorphic  rhabdomyosarcoma5. To test our hypoth-
esis that our primary cell line was of myogenic lineage, we stained the tumor and clonal cells with MyoD1. 
Every observed tumor cell showed a strong nuclear MyoD1 staining, which is indicative of a rhabdomyosar-
coma (RMS) (see Fig. 1e)4,5. To better gauge the tumor-initiating capacity of our RMS cell line, we injected four 
mice subcutaneously with 100,000 tumor and 10,000 clonal cells. All injected mice, regardless of low cell count, 
formed tumors with 100% penetrance (see Fig. 1f,g). These data suggest we have isolated a pleomorphic RMS 
with a robust tumor-initiating capacity.

SMG7 is essential for RMS cell viability. Knocking down certain NMD factors, such as UPF1 in MSI 
CRC cells, has resulted in a significant decrease of cell proliferation in  vitro44. Antithetically, knockdown of 
SMG7 in breast cancer cells had no effect on viability and even sensitized the cells to TNFα-induced  death47. 
These combined studies show that NMD factors may play opposing roles in different cancers. The role of SMG7 
in STS is thus far unexplored. To test the effects of SMG7 loss on our RMS cells, we induced SMG7 knockout by 
treating our tumor and clonal cells with 4-hydroxytamoxifen (4-OHT), or ethanol (EtOH) as a vehicle control, 
and observed the effects. Over a period of five to seven days post-treatment, several of the tumor and clonal 
cells exhibited a significant shift in their usual, pleomorphic morphology to a rounded shape with thin cel-
lular extensions adhering to the plate (see Fig. 2a,b and Supplemental Fig. S2). To test changes in cell viability 
after the loss of SMG7, we utilized the crystal violet assay. Three days after EtOH or 4-OHT treatment, the 
tumor (EtOH 0.6166 ± 0.01547 & 4-OHT 0.6702 ± 0.01166; P = 0.0505), clone 2 (EtOH 0.9891 ± 0.1754 & 4-OHT 
0.8259 ± 0.1619; P = 0.53), clone 5 (EtOH 0.5677 ± 0.09193 & 4-OHT 0.5297 ± 0.05427; P = 0.73), and clone 8 
(EtOH 1.186 ± 0.1734 & 4-OHT 0.8307 ± 0.1101; P = 0.12) populations did not exhibit a significant difference 
in cell viability. By day six, however, the tumor (EtOH 1.351 ± 0.08294 & 4-OHT 0.8913 ± 0.09021; P = 0.0199), 
clone 2 (EtOH 1.399 ± 0.07124 & 4-OHT 0.9741 ± 0.07305; P = 0.0141), clone 5 (EtOH 0.9156 ± 0.03248 & 
4-OHT 0.4876 ± 0.06810; P = 0.0040), and clone 8 (EtOH 1.570 ± 0.1431 & 4-OHT 0.5656 ± 0.01831; P = 0.0022) 
populations all exhibited a significant decrease in cell viability following 4-OHT treatment (see Fig. 2c,d and 
Supplemental Fig. S3). If SMG7 falls into the cancer fitness gene category, then it would, ideally, be exploited 
by cancer cells but be dispensable for non-transformed cells under homeostatic  conditions10. To test if SMG7 
falls into the cancer fitness gene category, we isolated mouse embryonic fibroblasts (MEFs) from our Smg7flox/flox; 
p53−/− mice. MEFs are mesenchymal, non-tumorigenic cells that also have multipotent stem-like  properties64–66. 
These characteristics make MEF cells an ideal control, especially as NMD factors have been shown to be impor-
tant for homeostatic maintenance of stem cells during embryogenesis and in developing and adult  mice67–70. We 
treated our MEF cells with 4-OHT to induce the knockout of SMG7 and assessed changes in their viability using 
the crystal violet assay. The MEF cells had no significant change in cell viability on day 3 (EtOH 0.7291 ± 0.06379 
& 4-OHT 0.8781 ± 0.1269; P = 0.3534) or day 6 (EtOH 0.8273 ± 0.07769 & 4-OHT 0.9976 ± 0.04261; P = 0.1029) 
(see Fig. 2e,f). These data suggest that SMG7 is dispensable for homeostasis and proliferation in our MEF cells, 
but is required for viability in our tumor and clonal cells.

SMG7 is required for full RMS proliferative and survival capacity. The downregulation of the NMD 
factor UPF1 was shown to decrease proliferation in endometrial cancer and colorectal cancer  cells44,69. Concom-
itantly, the endometrial cancer cells exhibited increased  apoptosis69. A decrease in proliferation or an increase 
in apoptosis may explain the inhibited cell viability we see in our RMS cells following the loss of SMG7. To test 
if our cells expressed indicative markers of cell cycle arrest and apoptosis, we performed qPCR and western 
blot analysis of our tumor, clonal, and MEF cells. We analyzed the mRNA and protein expression of the cyclin-
dependent kinase inhibitor p21 (also known as Cdkn1a) in our RMS cells on day 6. The loss of SMG7 induced a 
significant increase in the mRNA level of p21 in our tumor (ΔCt—EtOH 5.407 ± 0.2466 & 4-OHT 4.329 ± 0.3210; 
P = 0.0374) and clone 5 (ΔCt—EtOH 6.239 ± 0.4141 & 4-OHT 4.986 ± 0.2477; P = 0.0408) cells, as well as a clear 
upregulation of p21 protein (see Fig. 2g and Supplemental Fig. S4). Western blot analysis, probing for the apop-
totic marker cleaved caspase-3, shows our tumor and clone 5 cells, but not MEF cells, have increased apoptosis 
several days after 4-OHT treatment (see Fig. 2g and Supplemental Fig. S4). These data suggest that the loss of 
SMG7 may inhibit cell cycle progression and increase apoptosis in our RMS cells, but not in our MEF cells.

As our tumor and clonal cells exhibited an increased expression of p21, this may indicate a decrease in 
the fraction of actively proliferating cells. To analyze the effects of SMG7 loss on cell proliferation, we per-
formed a 5-Chloro-2’-deoxyuridine (CldU) stain of our tumor and clonal cells 6 days after treatment. The 
percentage of RMS cells that had  CldU+ nuclei per  DAPI+ nuclei was significantly decreased in both our tumor 
(EtOH 57.44% ± 3.483 & 4-OHT 36.31% ± 0.9095; P = 0.0011) and clone 5 (EtOH 49.68% ± 2.374 & 4-OHT 
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Figure 1.  Establishing and Characterizing Primary STS Cell Lines. (a and b) Phase-contrast images (×100) of tumor (a) and 
clone 5 (b) populations (scale bars = 100 μm). (c and d) 500,000 tumor (c) and clone 5 (d) cells were subcutaneously injected 
into the flanks mice and allowed to grow for 8 days before mice were sacrificed and tumors were collected. (e) Representative 
immunofluorescence images of tumor and clone 5 cells processed and stained for MyoD1 (green) and counterstained with 
DAPI (blue). (f) 100,000 tumor cells were injected subcutaneously into the flanks of mice and allowed to grow for 9 days 
before mice were sacrificed and tumors were collected. (g) 10,000 clone 5 cells were subcutaneously injected into the flanks of 
mice and allowed to grow for 14 days before mice were sacrificed and tumors were collected. ([c,d,f, and g] N = 4 mice).
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Figure 2.  Loss of SMG7 inhibits proliferation and increases apoptosis in RMS cells. (a and b) Phase-contrast images 
(×100) of ethanol control (EtOH) (a) and 4-hydroxytamoxifen (4-OHT) (b) treated tumor cells 7 days after treatment. 
(c and d) Representative images of crystal violet staining of EtOH/4-OHT treated tumor cells on day 3 and day 6 
are shown in (c). Optical densities of multiple, independent experiments of day 6 are quantified in (d). (e and f) 
Representative images of crystal violet staining of EtOH/4-OHT treated MEF cells on day 3 and day 6 are shown in 
(e). Optical densities of multiple, independent experiments of day 6 are quantified in (f). (g and h) Western blot of 
EtOH/4-OHT treated tumor cells showing progressive days of 4-OHT treatment. Cropped blots are shown and the 
original blots are available at the end of the Supplemental Figures. Quantification of SMG7 expression, relative to EtOH 
controls, from multiple experiments is shown in (h). (i and j) Representative immunofluorescence images of day 6 
EtOH/4-OHT treated tumor cells that were processed and stained for CldU (green) and counterstained with DAPI 
(blue) are shown in (i). The percent of  CldU+/DAPI+ nuclei from multiple, independent experiments are quantified in 
(j). (k and l) Representative flow cytometry plots of propidium iodide (PI) stained day 6 EtOH/4-OHT treated tumor 
cells with quantification of the sub-G0/G1 peak are shown in (k). The sub-G0/G1 population of multiple, independent 
experiments are quantified in (l). 200,000 singlet cells were analyzed in all flow experiments. (m and n) Representative 
immunofluorescence images of day 6 EtOH/4-OHT treated tumor cells that were processed and stained with TUNEL 
(green) and counterstained with DAPI (blue) are shown in (m). The percent of  TUNEL+/DAPI+ nuclei from multiple, 
independent experiments are quantified in (n). ([c–f and i–n] Unpaired 2-tailed t-tests with means ± standard error of 
the mean (SEM) are provided in quantifications; [g and h] A one-way ANOVA utilizing the Dunnett correction with 
means ± SEM are provided in quantifications; N ≥ 3 ; *P < 0.05 ; **P < 0.01 ; ****P < 0.0001 ; ns = P > 0.05).
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36.13% ± 1.126; P = 0.0060) cells (see Fig. 2i,j and Supplemental Fig. S4). These data indicate that the loss of SMG7 
induces a proliferation defect in our RMS cells.

As the RMS cells also exhibited cleaved caspase-3 staining, we further examined changes in cell death and 
apoptosis by utilizing propidium iodide (PI) and terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assays. Our PI assay of day 6 treated cells showed a significant increase in the sub-G0/G1 peak in both 
the tumor (EtOH 2.12% ± 0.281 & 4-OHT 9.36% ± 1.63; P = 0.0120) and clone 5 (EtOH 3.54% ± 0.274 & 4-OHT 
22.2% ± 5.46; P = 0.0142) cells (see Fig. 2k,l and Supplemental Fig. S4). Our TUNEL assay further confirmed 
an increase of apoptosis on day 6. The percentage of RMS cells that had  TUNEL+ nuclei per  DAPI+ nuclei was 
significantly increased in both the tumor (EtOH 0.685% ± 0.124 & 4-OHT 6.31% ± 1.61; P = 0.0318) and clone 5 
(EtOH 0.812% ± 0.203 & 4-OHT 7.17% ± 1.10; P = 0.0013) cells (see Fig. 2m,n and Supplemental Fig. S4). These 
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data suggest our RMS cells require SMG7 for full proliferative capacity and that the loss of SMG7 results in 
inhibited cell proliferation and increased apoptosis.

SMG7 is required for full NMD activity. Although SMG7 is known for its integral role in NMD, there 
are conflicting reports on the absolute necessity of SMG7 for full NMD  activity17,71,72. It is unclear if other NMD 
machinery will be able to compensate for the loss of SMG7 in our cells. Therefore, we set out to confirm that 
the loss of SMG7 significantly decreases NMD activity in our RMS cells. To do this, we utilized a frequently 
used chemiluminescence-based NMD reporter assay that exploits  PTC+- and  PTC–-luciferases (see Fig. 3a)73. 
Analysis of the  PTC+-luciferase on day 7 showed that both the tumor (EtOH 1.000% ± 0.1590 & 4-OHT 
3.475% ± 0.3038; P = 0.0022) and clone 5 (EtOH 1.000% ± 0.1023 & 4-OHT 2.591% ± 0.2262; P = 0.0463) cells 
presented a ~ threefold significant increase in the  PTC+-containing luciferase, indicating that SMG7 is required 
for full NMD activity in our RMS cells (see Fig. 3b,c). To further explore the role of SMG7-mediated NMD in 
our cells, we analyzed the expression of two specific NMD targets, GADD45b and GAS5. Both GADD45b and 
the lncRNA GAS5 are NMD targets that are associated with growth arrest and  apoptosis21–23. We performed 
semi-quantitative PCR and real-time quantitative PCR (qPCR) on day 6 of our treated cells to see if the loss 
of SMG7 inhibited the NMD-mediated regulation of these two targets. Semi-quantitative PCR of our tumor, 
clone 5, and MEF cells showed a clear upregulation of GAS5 expression after 4-OHT treatment (see Fig. 3d–f). 
Furthermore, qPCR of our cells showed a significant upregulation of GAS5 expression in our tumor (ΔCt—
EtOH 1.033 ± 0.1285 & 4-OHT − 7.754 ± 0.4231; P = 0.0007), clone 5 (ΔCt—EtOH 1.409 ± 0.2187 & 4-OHT 
− 1.987 ± 0.1848; P = 0.00002), and MEF (ΔCt—EtOH 6.027 ± 0.0335 & 4-OHT 2.554 ± 0.1978; P = 0.00007) cells 
after the loss of SMG7 (see Fig. 3g,h,k). The qPCR analysis of our cells also showed a significant upregulation 
of GADD45b expression in our tumor (ΔCt—EtOH 7.576 ± 0.3837 & 4-OHT 5.863 ± 0.2744; P = 0.0110), clone 
5 (ΔCt—EtOH 10.43 ± 0.4973 & 4-OHT 7.695 ± 0.0909; P = 0.0017), and MEF (ΔCt—EtOH 7.429 ± 0.1711 & 
4-OHT 5.056 ± 0.0966; P = 0.0003) cells after the loss of SMG7 (see Fig. 3.i,j,k). To further confirm SMG7’s role 
in NMD-mediated regulation of GAS5, we analyzed the mRNA stability of GAS5 in our RMS cells. Six days after 
treatment, we inhibited transcription in our clone 5 cells through actinomycin D treatment and measured the 
mRNA abundance of GAS5 at several time points. We fit a non-linear regression curve to EtOH and 4-OHT 
treated cells to analyze the decay rates. The EtOH treated clone 5 cells exhibited a normal NMD-mediated bipha-
sic decay of GAS5 (see Fig. 3l). The 4-OHT treated clone 5 cells switched from the fast, biphasic decay seen in 
the EtOH treated cells to a much slower linear decay (see Fig. 3l). These data suggest that SMG7 plays a crucial 
role in NMD in our RMS and MEF cells.

SMG7 is crucial for full RMS tumor growth. As the loss of SMG7 significantly decreased the fitness 
of our RMS cells in vitro, we then turned to in vivo studies to test if the loss of SMG7 would have a similar 
inhibitory phenotype on RMS tumor growth. We have shown that our RMS cells have the capacity to form large 
tumors over a short period of time with 100% penetrance, regardless of low cell counts (see Fig. 1c,d,f,g). To ana-
lyze the importance of SMG7 for tumor growth, we performed several in vivo experiments. We pretreated the 
tumor cells for two days and then subcutaneously injected 500,000 tumor cells into the flanks of mice. Ten days 
after the injection, we sacrificed the mice and collected their tumors. The loss of SMG7 significantly decreased 
the tumor growth of our RMS cells, as exhibited by a ~ 54% lower average tumor mass in the 4-OHT treated 
group (EtOH 1.675 g ± 0.1264 & 4-OHT 0.7728 g ± 0.09637; P = 0.000007) (see Fig. 4a,b). Western blot analysis 
of the tumors showed that the 4-OHT pretreated group exhibited a ~ 6.4-fold significant increase in the levels 
of cleaved caspase-3 (EtOH 1.000 ± 0.2627 & 4-OHT 6.370 ± 0.8001; P = 0.000002) (see Fig. 4c,d), recapitulating 
our in vitro studies. In a similar experiment, we pretreated two of our clonal cell lines for two days, allowed them 
to expand for three more days, and then subcutaneously injected the cells into the flanks of our mice. The tumors 
were allowed to develop for 10 days before we sacrificed the mice and collected their tumors. The loss of SMG7 

Figure 3.  Loss of SMG7 inhibits NMD in RMS cells. (a–c) A schematic depicting the  PTC–- (top) and  PTC+- 
(bottom) luciferase constructs that were utilized to test changes in NMD activity is shown in (a). Tumor 
(b) and clone 5 (c) cells were transfected with luciferase plasmids 6 days after EtOH/4-OHT treatment. The 
relative luciferase activity of the constructs was measured on day 7 and normalized to the firefly luciferase. 
Quantifications in (b and c) show fold changes in the  PTC+-reporter relative to EtOH treated cells from 
multiple, independent experiments. (d–f) Semi-quantitative PCR of day 6 EtOH/4-OHT treated tumor (d), 
clone 5 (e), and MEF (f) cells show amplified GAS5 and GAPDH bands after 20 and 25 cycles. The gels in (d) 
and (f) are cropped blots from the same gel. Cropped gels are shown in (d–f) and the original gels are available 
at the end of the Supplemental Figures. (g and h) GAS5 qPCR analysis of day 6 EtOH/4-OHT treated tumor 
(g) and clone 5 (h) cells are reported as ΔCt with the relative fold changes marked above the statistics. Data 
shows multiple, independent experiments. (i and j) GADD45b qPCR analysis of day 6 EtOH/4-OHT treated 
tumor (i) and clone 5 (j) cells are reported as ΔCt with the relative fold changes marked above the statistics. 
Data shows multiple, independent experiments. (k) GAS5 and GADD45b qPCR analysis of day 6 EtOH/4-
OHT treated MEF cells are reported as ΔCt with the relative fold changes marked above the statistics. Data 
shows multiple, independent experiments. (l) Day 6 EtOH/4-OHT treated clone 5 cells were treated with 10 μM 
actinomycin D and RNA was collected at the indicated time points (0, 1, 2, 4, and 8 h). GAS5 qPCR analysis was 
performed and the mRNA abundance of multiple, independent experiments was plotted and fitted with a non-
linear regression curve, which is shown in (l). (Unpaired 2-tailed t-tests were used for [b and c and g–k] with 
means ± SEM shown; A non-linear regression analysis was utilized in (l); N ≥ 3; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001; ns = P > 0.05).
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significantly decreased tumor growth in both of the clonal populations, as evidenced by their average tumor 
masses. The 4-OHT pretreated cells showed a ~ 49% decrease in the average mass of clone 1 tumors (EtOH 
1.132 g ± 0.1237 & 4-OHT 0.5809 g ± 0.1098; P = 0.0060) and a ~ 93% decrease in the average mass of clone 5 
tumors (EtOH 1.188 g ± 0.0798 & 4-OHT 0.0822 g ± 0.0172; P = 0.000000002) (see Fig. 4e,f and Supplemental 
Fig. S5). To further analyze and categorize the effects that the loss of SMG7 has on tumor growth in our RMS 
cells, we repeated the 2-day pretreatment-experiment using a smaller fraction of tumor and clonal cells. We 
pretreated our RMS cells for 2 days and subcutaneously injected 10,000 tumor or clone 5 cells into the flanks of 
mice. The tumors were allowed to develop for 14 days, at which point we sacrificed the mice and collected their 
tumors. Although we used a smaller number of RMS cells, the EtOH pretreated groups developed large tumors 
and the 4-OHT pretreated group exhibited a significantly smaller average tumor mass, in both the tumor cell 
derived tumors (EtOH 0.6079 g ± 0.0966 & 4-OHT 0.3214 g ± 0.0577; P = 0.0148) and the clone 5 cell derived 
tumors (EtOH 0.3276 g ± 0.0399 & 4-OHT 0.1203 g ± 0.0188; P = 0.00005) (see Fig. 4g,h and Supplemental Fig. 
S5). Deletion of SMG7, induced by 4-OHT treatment, significantly decreased tumor growth of our RMS cells, 
regardless of the number of tumor cells we initially injected. These data suggest that SMG7 is a major player in 
tumor growth and the cellular fitness of our RMS cells, both in vitro and in vivo.

As our pretreatment experiments showed that SMG7 plays an important role in the tumor growth of our 
sarcoma cells, we wanted to explore the viability of targeting SMG7 in vivo. Clinical studies have shown that 
the treatment of RMS has benefited from a neoadjuvant therapy approach, because of this, we applied a similar 
method to our in vivo  studies74–76. To do this, we subcutaneously injected 10,000 clone 5 cells into the flanks of 
our mice. As we have shown that our RMS cells have a robust tumor-initiating capacity, we allowed the cells to 
grow for three days before we initiated corn oil (CO) or tamoxifen (Tam) treatment on three consecutive days. 
Fourteen days after the initial injection of RMS cells, we sacrificed the mice and collected their tumors. The Tam 
treated group had an average tumor mass that was ~ 63% lower than the average tumor mass of the CO treated 
group (CO 0.1998 g ± 0.0382 & Tam 0.0725 g ± 0.0178; P = 0.0023) (see Fig. 4i,j), giving credence to the possibil-
ity of targeting SMG7 function for STS treatment. These tumor studies show that SMG7 is required for the full 
capacity tumor growth of our RMS cells and, without SMG7, tumors exhibit increased levels of apoptosis and 
significantly inhibited tumor growth.

SMG7 is dispensable in adult mice. While the effects of SMG7 knockout on the developing tumors were 
significant and salutary, we wanted to confirm that SMG7 knockout was not completely deleterious to adult 
mice. To do this, we injected adult mice with CO or Tam on three consecutive days. Fourteen days after the ini-
tial injection, every mouse was alive and appeared healthy, at which point we sacrificed them and collected their 
organs. Analysis of the CO treated group showed that SMG7 is expressed at high levels in brain and testicular 
tissues, at medium levels in lung, heart, and skeletal muscle tissues, and at low levels in spleen tissue (see Sup-
plemental Fig. S6). SMG7 expression was undetectable in the tissues of the liver, stomach, kidney, and small and 
large intestines (see Supplemental Fig. S6). The Tam treated mice exhibited a significantly smaller ratio of thymus 
mass/body mass (CO 0.1047% ± 0.0149 & Tam 0.0429% ± 0.0064; P = 0.0044) (see Supplemental Fig. S6). The 
Tam treated mice had a slight but significant increase in the ratio of lung mass/body mass (CO 0.6201% ± 0.0138 
& Tam 0.6980% ± 0.0202; P = 0.02) (see Supplemental Fig. S6). The Tam injected mice also had a large and signifi-
cant increase in the ratio of stomach mass/body mass (CO 0.9042% ± 0.0767 & Tam 2.417% ± 0.125; P = 0.00003) 
(see Supplemental Fig. S6). Interestingly, the Tam treated mice did not have a significant change in the ratio of 
testicle mass to body mass (CO 0.5191 ± 0.0508 & Tam 0.5237 ± 0.0216; P = 0.9309) (see Supplemental Fig. S6). 
This is in contrast to the drastic effect UPF2 knockout exhibited on testicle development in postnatal, juvenile 
 mice70. Other examined organs included the brain, heart, liver, spleen, kidney, and quadriceps femoris muscle, 
none of which exhibited a significant change in the ratio of organ mass/body mass after Tam treatment (see 

Figure 4.  Loss of SMG7 inhibits tumor growth of RMS cells. (a–d) Tumor cells were treated with EtOH/4-OHT 
for 2 days before 500,000 cells were subcutaneously injected into the flanks of mice (EtOH treated cells injected 
into the right flank and 4-OHT treated cells injected into the left flank) and allowed to grow for 10 days before 
we sacrificed the mice and collected their tumors. Images of representative, paired tumors are shown in (a). The 
masses of collected tumors are quantified in (b). A western blot of representative tumors is shown in (c). The 
relative levels of cleaved caspase-3 are normalized to EtOH pretreated tumors and are quantified in (d). Cropped 
blots are shown and the original are available at the end of the Supplemental Figures. (e and f) Clone 5 cells 
were treated with EtOH/4-OHT for 2 days. The cells were passaged and allowed to grow for 3 more days before 
500,000 cells were subcutaneously injected into the flanks of mice (EtOH treated cells injected into the right 
flank and 4-OHT treated cells injected into the left flank) and allowed to grow for 10 days before we sacrificed 
the mice and collected their tumors. Images of paired, representative tumors are shown in (e). The masses of 
collected tumors are quantified in (f). (g and h) Tumor cells were treated with EtOH/4-OHT for 2 days before 
10,000 cells were subcutaneously injected into the flanks of mice (EtOH treated cells injected into the right 
flank and 4-OHT treated cells injected into the left flank) and allowed to grow for 14 days before we sacrificed 
the mice and collected their tumors. Images of representative, paired tumors are shown in (g). The masses of 
collected tumors are quantified in (h). (i and j) 10,000 clone 5 cells were subcutaneously injected into the flanks 
of mice and allowed to grow for 3 days. Then the mice received intraperitoneal injections of corn oil (CO) or 
Tamoxifen (Tam) on 3 consecutive days. Mice were sacrificed 14 days after the initial clone 5 injection and their 
tumors were collected. Images of representative tumors are shown in (i) and the mass of individual tumors 
are quantified in (j). (Unpaired 2-tailed t-tests with means ± SEM are provided in quantifications; (a–d) N = 12 
mice; (e and f) N = 8 mice; (g and h) N = 17 mice; (i and j) N = 12 CO treated mice & N = 18 Tam treated mice; 
*P < 0.05; **P < 0.01; ****P < 0.0001).
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Supplemental Fig. S6). While our knockout of SMG7 in adult mice was a short-term study, the mice appeared 
healthy at the time of sacrifice. These data suggest that SMG7 is dispensable in adult mice and has few effects on 
the gross anatomy of mouse organs.

Discussion
In this study, we established and characterized a STS primary cell line derived from our GEMM. We identified 
our STS cell line as a pleomorphic RMS. The loss of SMG7 significantly upregulated NMD target genes in both 
our RMS and MEF cells. Notably, the loss of SMG7 significantly inhibited proliferation and induced apoptosis in 
our RMS cells but not in our MEF cells. Our mouse studies showed that deletion of SMG7 significantly decreased 
tumor growth of our RMS cells and that SMG7 was dispensable for adult mouse survival, which is in contrast 
to UPF2, where the conditional knockout of UPF2 in adult mice quickly led to  death67. These data suggest that 
SMG7 may act as a cancer fitness gene in RMS and may be a feasible target for cancer therapy.

GEMMs, along with PDXs, are considered to be the most representative and therapeutically predictive models 
for studying  STSs52. Our SMG7 conditional knockout GEMM lacks p53, and in conformity with this genotype, 
one of our mice spontaneously developed a pleomorphic RMS. Pleomorphic RMSs mostly affect older patients, 
have a poor prognosis, a high rate of recurrence, and are associated with p53 mutations both in humans and 
in  mice35,77–82. Although our data reflect a sanguine discovery for SMG7 as a novel therapeutic target for RMS 
treatment, it is important to note the limitations of our study. Our study reflects the crucial role that SMG7 plays 
in one RMS tumor population. As STSs are heterogeneous both as a whole and within subtypes, extrapolating 
our results across the RMS and STS fields would be inappropriate. Further analysis of SMG7 as a therapeutic 
target in RMS would benefit from PDX studies, which better reflect the heterogeneity and unique response to 
treatments that arise in individual patients.

It is unclear exactly why SMG7 is required for RMS proliferation and survival but is dispensable for MEF 
viability and adult mouse homeostasis. The NMD pathway is complex, and we are nescient regarding its complete 
involvement in development, differentiation, and homeostasis. SMG7 is known to be required for embryo-
genesis in A. thaliana and D. rerio54,55. Similarly, several other NMD factors are required for embryogenesis in 
Mus musculus53,56–59. In M. musculus and in Xenopus laevis, the loss of NMD factors induced embryogenesis 
defects that presented as early as blastocyst implantation, continued throughout gastrulation, and into early 
 organogenesis53,56,57,59,68. These studies suggest that NMD factors are dispensable during totipotency but are 
essential for differentiating out of pluripotency. In support of this, knockout of SMG5, SMG6, or SMG7 in naïve 
mouse embryonic stem cells showed that these NMD factors were dispensable for in vitro proliferation; however, 
the loss of any one of these NMD factors produced defects in exiting from both naïve and general  pluripotency83. 
Similarly, pre-implantation mouse blastocysts null for UPF1 were able to proliferate unabated in vitro for 48  h57. 
By 72 h, however, the inner cell mass showed heavy induction of  apoptosis57. Likewise, in mouse embryonal 
carcinoma and human embryonic stem cells, the loss of UPF1 significantly decreased stem cell markers and 
inhibited  proliferation68,84. Finally, in human embryonic stem cells, NMD appears to be downregulated for 
endodermal differentiation and upregulated for ectodermal/mesodermal  differentiation84. Additionally, a broad 
RNA-seq analysis of human cell lines showed that some NMD factors are significantly downregulated in non-
pluripotent cells compared to pluripotent cells, further suggesting a divergent role for NMD in differentiation 
and  homeostasis84. Based on these studies, we speculate that tightly-regulated NMD may be required to navigate 
pluripotency but be dispensable for more differentiated cells, including multipotent cells. If so, this may explain 
the phenotype whereby our MEF cells and adult mice do not require SMG7 for viability and homeostasis, respec-
tively. Supporting our speculation, RMS patient samples express several pluripotent cancer stem cell markers 
(CD24, CD133, Oct-4, Sox2, Nanog, and c-Myc) and are able to differentiate into neuronal cells, osteogenic 
cells, myocytes, and  adipocytes85–87. In contrast, MEF cells exhibit a more differentiated multipotent stem-like 
state, characterized by a lack of pluripotent stem cell markers (CD133, Oct-4, Sox2, and c-Myc)64–66. Similarly 
to our MEF cells, the loss of SMG7 in our adult mice had no effect on mouse survival, which is in contrast to 
the macabre results seen when knocking out UPF2 in the hematopoietic population of adult mice, suggesting 
that SMG7 is dispensable for the multipotent hematopoietic  population67. Accordingly, the loss of SMG7 may be 
deleterious to the pluripotent RMS cells but be dispensable for the multipotent MEF and adult mouse stem cells.

SMG7 may play a pro-tumorigenic role in our RMS cells by downregulating stress inducing  PTC+-transcripts. 
NMD acts as a quality control and transcriptomic regulatory mechanism by clearing  PTC+-transcripts from the 
cell. Importantly, knocking down UPF1 in CRC cells with microsatellite instability (MSI) induced the expres-
sion of hundreds of mutant  PTC+-transcripts with concomitant inhibition of proliferation and tumor growth, 
while the growth of CRC cells without MSI was  unaffected44. This phenotype may also explain the differential 
response to the loss of SMG7 that we observed in our RMS and MEF cells. Upregulation and translation of mutant 
or endogenous  PTC+-transcripts in our RMS cells may create a plethora of proteotoxic misfolded proteins that 
induce ER stress that, in turn, activates the integrated stress response (ISR) and the unfolded protein response 
(UPR) pathways. Activation of these pathways may further inhibit residual NMD activity through a positive 
feedback  loop88–90. The additional loss of NMD, combined with failure of the ISR and UPR pathways to turn off, 
may induce cell cycle arrest and apoptosis in our RMS  cells38,88,91–93. The lack of deleterious mutations, coupled 
with divergent cell-type-specific signalling and responses, in our MEF cells may mean that the quality control 
and transcriptomic regulatory mechanisms of NMD are not required to maintain cell viability. Overall, if this 
speculation is accurate and similar to what was seen in MSI CRC cells, then a cautionary note is appropriate 
regarding the applicability of our findings to STSs commonly seen in the clinic. While a subset of RMSs have 
been described as displaying a high tumor mutation burden, there is ordinarily a low tumor mutation burden 
and low incidence of MSI seen in pleomorphic RMSs, RMSs, and  STSs9,27,82,94–96.
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SMG7 may play a pro-tumorigenic role in our cells by downregulating several anti-cancer genes. We have 
observed that SMG7 is required for targeting GADD45b and the tumor suppressor lncRNA GAS5 for degrada-
tion in our cells (see Fig. 3d–l). Upregulation of these anti-cancer genes was concomitant with inhibition of 
proliferation and induction of apoptosis in our RMS cells. Notably, upregulation of these anti-cancer genes had 
no effect on our primary MEF cells. In a previous report, UPF1 knockdown in NIH-3T3 cells induced upregula-
tion of GADD45b with a concomitant induction of apoptosis, which was almost completely rescued after double 
knockdown of UPF1 and  GADD45b23. The differential effects seen in the NIH-3T3, RMS, and primary MEF cells 
may be the result of several combinatorial factors that are cell-line/cell-type specific. Firstly, our MEF cells were 
examined at a relatively low passage number and were unlikely to contain many mutations or chromosomal aber-
rations. In contrast, both the NIH-3T3 and our RMS cells have acquired mutations and/or chromosomal abnor-
malities to become immortalized or tumorigenic, respectively. These genomic alterations may add additional, 
unaccounted for stresses that cause the loss of SMG7 to become lethal. Secondly, tissue-specific gene expression 
and signalling most likely influence our observed differential phenotype. Supporting this, the loss of SMG7 in 
our adult mice produced disparate effects across organs. While our Tam treated mice exhibited no observable 
changes in the gross anatomy of most of their organs, they did display significant changes in the ratio of organ 
mass over body mass of thymi, lungs, and stomachs, in comparison to EtOH treated mice (see Supplemental 
Fig. S6). Atrophy of the thymus due to reduced NMD is not surprising given the T-cell-specific requirement for 
NMD to suppress deleterious  PTC+-TCR-β transcripts that may arise during V(D)J  recombination97. Similar to 
our observed phenotype, disruption of NMD during mouse fetal development induced intense levels of apoptosis 
and was concomitant with disrupted thymic  architecture97. Importantly, observed organ abnormalities were 
limited to the thymus, suggesting a tissue-specific sensitivity or requirement for  NMD97. Our Tam treated mice 
also had a small but significant increase in the ratio of lung mass/body mass (see Supplemental Fig. S6). Our 
data show a moderate amount of SMG7 expression in the lungs (see Supplemental Fig. S6), suggesting that the 
loss of SMG7 may have led to this increase in lung mass. In contrast to this speculation, a previous study has 
shown that expression of NMD factors in the lungs is rather low, with a concomitant low efficiency of  NMD98. 
Although our Tam treated mice exhibited a large and significant increase in the ratio of stomach mass over body 
mass (see Supplemental Fig. S6), this is most likely due to the stimulatory effects that Tam has on stomach cell 
proliferation, rather than the loss of  SMG799–101. This claim is further corroborated by our mice having no detect-
able expression of SMG7 in their stomachs (see Supplemental Fig. S6), as well as by a previously described low 
expression of NMD factors and NMD efficiency in the stomachs of  mice98. Interestingly, the Tam treated mice 
did not produce a significant change in the ratio of testicle mass to body mass (see Supplemental Fig. S6). This 
is in contrast to the drastic effect UPF2 knockout exhibited on testicle development in juvenile mice, further 
suggesting that NMD is required for specific cell-types during development but may be dispensable for adult 
 homeostasis70. Accordingly, divergent cell-type-specific gene expression and signalling may account for how 
the loss of SMG7 and upregulation of GADD45b/GAS5 may induce differential effects in our RMS cells, MEF 
cells, and adult mice.

In this study, we have shown that SMG7 behaves similarly to a cancer fitness gene. Though a “cancer fitness 
gene” is a relatively novel concept, the defining features are (I) they do not initiate transformation like driver 
oncogenes, (II) they enhance tumor progression through proliferative, survival, stress-response, or metastatic 
advantages, and (III) they are generally less essential for normal tissues under homeostatic  conditions10. Our 
data supports SMG7 as a cancer fitness gene under (II) and (III), as we showed SMG7 was critical to maintain 
RMS growth and survival (II) but was dispensable for MEFs and adult mice (III); however, the role of SMG7 
in transformation (I) is currently unknown. While there is evidence to support the idea that NMD factors 
act in either a pro- or anti-tumorigenic role in divergent cancers, the necessity for SMG7 in transformation is 
 unexplored11,12,26,29,37–48,102,103. In total, current evidence suggests that SMG7 is a part of a complex pathway that 
may be a tool cancer cells utilize for a proliferative, survival, stress-response, or metastatic advantage.

Future studies aim at parsing out the mechanism that induces inhibited proliferation and increased apop-
tosis in our RMS cells following the loss of SMG7. We hypothesize the anti-tumor effects seen following SMG7 
knockout in our RMS cells result from the loss of NMD and its mediated suppression of  PTC+-transcripts, cell 
cycle arrest genes, and pro-apoptotic genes. Of prime interest are GADD45b and the tumor suppressor GAS5. 
Other future studies aim at utilizing our novel GEMM to explore the role of SMG7 in other subtypes of STS as 
well as what role, if any, SMG7 plays in initial sarcomagenesis.

In conclusion, we present here that SMG7 plays a critical role in RMS proliferation and survival but is 
dispensable for MEF viability and adult mouse homeostasis. Our data evinces SMG7 as a prospective cancer 
fitness gene in RMS and that disrupting SMG7 function may be tolerable and provide a therapeutic benefit for 
patients with STS.

Methods
Development of the genetically engineered mouse model (GEMM). We developed a SMG7 condi-
tional knockout mouse (C57BL/6 background) using the knockout-first design (see Supplemental Fig. 1)60,61. In 
short, the second exon of Smg7 is flanked by loxP sites, resulting in tm1c mice. We crossed the Smg7tm1c/Smg7tm1c 
mice with ROSA26CreER mice to achieve inducible-knockout Smg7tm1c/ Smg7tm1c; ROSA26CreER/ROSA26CreER mice 
(Smg7flox/flox). Induction of Cre-mediated recombination results in Smg7tm1d/Smg7tm1d alleles (Smg7Δ/Δ), which 
encodes for a truncated SMG7 product that is undetectable by western blot. The Smg7flox/flox mice were then 
crossed with Trp53−/− (also known as p53−/−) (C57BL/6 background) mice until Smg7flox/flox; p53−/− mice were 
acquired.
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Isolation of primary soft-tissue sarcoma cells. Tumor bearing mice were euthanized using a  CO2 
chamber.  CO2 flow was maintained for at least 60 s after respiratory arrest and was followed by physical death 
verification by bilateral thoracotomy. After euthanasia, mice were sterilized with 70% ethanol (111,000,200), and 
transferred to a biosafety hood. Tumors were excised and washed in 1× PBS (20–031-CV). Excised tumors were 
minced in a slurry of collagenase/dispase (10,269,638,001) and trypsin (0.5%) (25–053-CI). Tumor solution 
was incubated at 37 °C for 30 min to release tumor cells. 5 mL DMEM (10–013-CV) (10% FBS [F2442] + 1% 
penicillin–streptomycin [30–002-CI]) was added to neutralize proteases. Tumor cells were filtered through a 
70 μm filter (352,350) and centrifuged at 50 × g for 5 min. The supernatant was aspirated, the cell pellet was 
suspended in DMEM (10% FBS + 1% penicillin–streptomycin), and the cells were manually counted using a 
hemocytometer. 5 ×  106 tumor cells were plated in 10 cm plates (229,621). After the tumor cells were isolated, 
aliquots of the pooled tumor cell population were frozen. To generate clones, the pooled tumor cell population 
was split into 96-well plates by limiting dilution (final concentration − 100 cells/96-well plate). Colonies were 
allowed to develop over a period of 2 weeks while we constantly monitored for and marked individual/multiple 
clone colonies. Individual clone colonies were expanded to 12-well plates, then 6 cm, and finally 10 cm plates. 
Pooled and clonal tumor cells were maintained for five passages before freezing and validating. To confirm the 
cells were of skeletal muscle lineage, the pooled and clonal tumor cells were stained with MyoD1. To validate that 
the tumor cells retained their tumor-initiating capacity, the pooled and clonal tumor cells were subcutaneously 
injected into the flanks of mice (4 mice per cell line). Tumors were collected, fixed, and then stained with H&E. 
The histological subtypes of tumors were characterized based on the WHO Classification of Tumours (Soft Tis-
sue and Bone Tumours)5.

Isolation of MEF cells. Pregnant mice were sacrificed on embryonic day 13.5 using a  CO2 chamber.  CO2 
flow was maintained for at least 60 s after respiratory arrest and was followed by physical death verification by 
bilateral thoracotomy. After euthanasia, mice were sprayed with 70% ethanol to sterilize them, and then trans-
ferred to a biosafety hood. Uteri were isolated and embryos individualized. The heart, hands, feet, and tail were 
removed from the embryo. Then the embryo was diced until it was able to be pipetted. Trypsin (0.25%) was 
mixed with the chopped embryo for 15 min. After incubation, cells were collected, resuspended in fresh media, 
and plated. The next day, fresh, warmed media was given to MEF cells.

Cell culture. Primary rhabdomyosarcoma (RMS) and mouse embryonic fibroblast (MEF) cells were main-
tained in DMEM (10% FBS). RMS and MEF cells were maintained at sub-confluent levels and passaged every 
2–3 days.

Cre-induced knockout of SMG7. RMS and MEF cells were used for treatment only if they were low pas-
sage (< 10 passages). RMS and MEF cells were treated with 4-hydroxytamoxifen (2.58 μM) (H6278) or ethanol 
(3.43 mM) dissolved in DMEM (10% FBS) for 48 h. After 48 h, cells were washed with 1× PBS and passaged for 
downstream experiments.

For in vivo knockout of SMG7, age matched mice (2- to 3-month-old) received intraperitoneal injections 
(100 μL) of tamoxifen (27 mM) or ethanol (0.857 M) corn oil on three consecutive days. Treatment of all mice 
occurred at midday and in their home cage. At the endpoint of experiments, mice were euthanized using a  CO2 
chamber.  CO2 flow was maintained for at least 60 s after respiratory arrest and was followed by physical death 
verification by bilateral thoracotomy.

Tumor-initiating capability of primary tumor cells. Primary tumor or clonal cells were trypsinized, 
collected, washed with PBS (2×), counted using a hemocytometer, and resuspended at the appropriate concen-
tration for a final injection volume of 50 μL (× cells/50 μL). Age matched male mice (2- to 3-month-old) were 
used for all experiments. Injection of all mice occurred at midday and in their home cage. Mice were wiped down 
with 70% ethanol saturated gauze to sterilize the injection site before receiving a subcutaneous injection with 
50 μL of cell slurry (500,000 or 10,000 cells total). At the endpoint of experiments, mice were euthanized using 
a  CO2 chamber.  CO2 flow was maintained for at least 60 s after respiratory arrest and was followed by physical 
death verification by bilateral thoracotomy. The mass, length and width of tumors were measured before tumor 
tissues were processed for downstream analysis.

MyoD stain. Primary tumor cells were plated on poly-l-lysine coated coverslips and allowed to adhere 
overnight. The next day, the media was aspirated, the cells were washed with PBS (2×) and then fixed with ice-
cold methanol for 10 min. After fixation, methanol was aspirated, samples were rinsed with PBS (2×) and then 
blocked with 2% BSA (BP1600-100) 0.1% tween-20 (P1379) PBS (PBST) for 30 min. After blocking, samples 
were rinsed with PBS (2×) and then incubated with anti-MyoD primary antibody (Mouse—sc-377460) over-
night. The next day, the primary antibody solution was reclaimed, samples were rinsed with PBS (2×) and then 
washed with 2% BSA PBST for 30 min. After washing, PBST was aspirated, cells were washed with PBS (2×) and 
then incubated with Alexa Fluor 488 anti-Mouse secondary antibody (Goat—A-11001) for 30 min. After incu-
bation, secondary antibody was reclaimed, samples were rinsed with PBS (2×), and then washed with 2% BSA 
PBST for 30 min. After washing, samples were rinsed with distilled water (2×) before counterstaining with DAPI 
(23 nM) (10,236,276,001) for 10 min at room temperature. After incubation, DAPI solution was aspirated and 
samples were rinsed with water (2×) before coverslips were mounted to slides with ProLong™ Diamond Antifade 
Mountant (P36970). Slides were imaged on an Olympus BX61 upright fluorescent microscope and the images 
were analyzed using ImageJ software.
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Crystal violet stain. RMS and MEF cells were treated with 4-hydroxytamoxifen (4-OHT) or ethanol 
(EtOH) as above. Forty-eight hours after treatment, tumor cells were passaged and plated on 24-well plates 
(229,123). Cells were stained 3 and 6 days after initial treatment. For staining, culture media was aspirated and 
cells were washed with 1× PBS. The PBS was aspirated and cells were incubated with 1 mL methanol (A411-4) 
for 10 min. Methanol was aspirated and 300 µL of crystal violet (C0775) solution was added to cells for 20 min. 
Crystal violet solution was aspirated and cells were washed with distilled water 4 times. The plate was allowed 
to dry overnight. For optical density quantification, 1 mL of methanol was added to each well and incubated for 
20 min. The optical density was measured at 570 nm using a BioTek® Synergy 2 Multimode Plate Reader.

Western blot. Protein was isolated using BC100 buffer (20 mM Tris–HCl [pH 7.3], 100 mM NaCl, and 10% 
glycerol with 1% SDS) and sonication. Protein concentrations were estimated using a BSA curve and the Bio-
Rad Protein Assay Dye Reagent (#5,000,006). Samples were resolved on a SDS-PAGE gel and transferred onto 
nitrocellulose membrane. Nitrocellulose membranes were stained with Ponceau S and cut at the appropriate 
molecular markers before blocking and primary antibody hybridization. The following antibodies were used 
for immunoblots: SMG7 (Rabbit—A302-170A), β-Actin (Mouse—sc-47778), GAPDH (Rabbit—D16H11), p21 
(Mouse—sc-53870), cleaved Caspase-3 (Rabbit—#9661), anti-Rabbit HRP (Goat—7074S), and anti-mouse HRP 
(Sheep—NA931V). ImageJ software was used to quantify immunoblots. Photoshop was used for western blot 
image processing (Image→Adjustments→Black & White→Blue Filter→minimal contrast adjustments). Origi-
nal, unaltered western blot images are available at the end of the Supplemental figures (see online).

PCR, semi-quantitative PCR, and real-time quantitative PCR (qPCR). PCR was performed on 
mouse tissues on a Veriti™ 96-Well Fast Thermal Cycler (4,375,305) with the following PCR conditions: 60 s at 
95 °C followed by 36 cycles of 95 °C for 30 s, (Cre primer—60 °C & tm1c primers—58 °C) for 30 s, and 68 °C 
for 1 min and 15 s. Total RNA was extracted from cells using TRIzol™ Reagent (15,596,018) according to the 
manufacturer’s protocol. Reverse transcription was performed using the standard NEB protocol (#M0253 with 
M0253L). Semi-quantitative PCR was performed with Phusion Hot Start II DNA Polymerase (F-549L) on a 
Veriti™ 96-Well Fast Thermal Cycler (4,375,305) with the following PCR conditions: 30 s at 98 °C followed by 
20, 25, and 30 cycles of 98 °C for 15 s, (Gapdh primers—60.6 °C & Gas5 primers—62 °C) for 15 s, and 72 °C for 
1 min. The qPCR samples were run in triplicate utilizing PowerSYBR™ Green PCR Master Mix (4,367,659) on the 
StepOnePlus Real-Time PCR System (4,376,600) with the following PCR conditions: 10 min at 95 °C followed 
by 40 cycles of 95 °C for 15 s and (Gapdh/Actb/p21/Gadd45b primers—60.6 °C & Gas5 primers—62 °C) for 
1 min. The following primers were used for PCR: Actb (5′-CCC TAT AAA ACC CAG CGG CGCGA-3′ and 5′-TCT 
CGC GGT TGG CCT TGG GG-3′), Gapdh (5′-AGG TCG GTG TGA ACG GAT TTG-3′ and 5′-TGT AGA CCA TGT 
AGT TGA GGTCA-3′), Cdkn1a (also known as p21) (5′-GTG GCC TTG TCG CTG TCT T-3′ and 5′-GCG CTT 
GGA GTG ATA GAA ATCTG-3′), Gas5 (5′-TTT CCG GTC CTT CAT TCT GA-3′ and 5′-TCT TCT ATT TGA GCC 
TCC ATCCA-3′), and Gadd45b (5′-CTG ATG AAT GTG GAC CCC -3′ and 5′-CCG GAC GAT GTC AAT GTC -3′).

NMD luciferase reporter assay. Constructs were obtained from Andreas Kulozik as a generous gift 
(pCL-Neo β-globin WT Renilla, pCL- Neo β-globin NT39 Mutant Renilla, and pCL- Neo Firefly)73. After initial 
treatment and passaging (see above), RMS cells were transfected on day 6 using Lipofectamine 2000 (11668-
019). Half the samples received the Renilla β-globin WT and Firefly constructs and the other half of samples 
received the Renilla β-globin NT39 Mutant and Firefly constructs. The cells were harvested 1.5 days later and the 
relative luciferase activity was detected using the Dual Luciferase® Reporter Assay System (E1910) and a 20/20n 
Luminometer (2030-000). Renilla signals were normalized to firefly controls and the results were reported as fold 
change relative to ethanol treated cells.

mRNA stability assay. A bio-protocol was used for the mRNA stability  assays104. In short, RMS cells were 
treated with 10 uM Actinomycin D on day 6 and total RNA was collected at several time points (0, 1, 2, 4, and 
8 h). After total RNA isolation and reverse transcription, qPCR was performed using Gapdh and Gas5 primers 
(see above), and mRNA abundances were calculated for each time point using multiple independent experi-
ments for all time points. The relative mRNA abundances of each time point were plotted using GraphPad Prism 
9 and the decay rate was determined by non-linear regression curve fitting (one phase decay).

CldU stain. After initial treatment and passaging (see above), RMS cells were plated on poly-L-lysine coated 
coverslips on day 5 and allowed to adhere overnight. The next day, cells were fed 25 µM CldU (105,478) dissolved 
in warmed DMEM (10% FBS) and incubated for 20 min at 37 °C. After incubation, the media was aspirated, the 
cells were washed with PBS (2×) and then fixed with ice-cold methanol for 10 min. After fixation, methanol was 
aspirated, samples were rinsed with PBS (2×), and then incubated with 3 M HCl (A481-212) for 30 min at room 
temperature. After incubation, HCl was aspirated, samples were washed with PBS (2×), and then blocked with 
2% BSA (BP1600-100) 0.1% tween-20 (P1379) PBS (PBST) for 30 min. After blocking, samples were rinsed with 
PBS (2×) and then incubated with anti-BrdU primary antibody (Rat—MCA2060) overnight. The next day, pri-
mary antibody solution was reclaimed, samples were rinsed with PBS (2×) and then washed with 2% BSA PBST 
for 30 min. After washing, PBST was aspirated, cells were washed with PBS (2×) and then incubated with Alexa 
Fluor 488 anti-Rat secondary antibody (Goat—A-11006) for 30 min. After incubation, secondary antibody was 
reclaimed, samples were rinsed with PBS (2×x), and then washed with 2% BSA PBST for 30 min. After washing, 
samples were rinsed with distilled water (2×) before counterstaining with DAPI (23 nM) (10,236,276,001) for 
10 min at room temperature. After incubation, DAPI solution was aspirated and samples were rinsed with water 
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(2×) before coverslips were mounted to slides. Slides were imaged on an Olympus BX61 upright fluorescent 
microscope and the images were analyzed using ImageJ software.

Propidium iodide stain. After initial treatment and passaging (see above), RMS cells and media super-
natant were collected on day 6. After spinning down, cells were washed with PBS and fixed in 70% ethanol 
overnight. The next day, cells were pelleted, supernatant was aspirated, and the cells were washed (2×) with 
PBS. After washing with PBS, cells were pelleted and resuspended in 2% BSA PBS. Cells were counted using a 
hemocytometer. One million cells were aliquoted to fresh tubes and filled to 1 mL with 2% BSA PBS. Cells were 
incubated with RNase A (10 μg/mL) (10,109,142,001) for 30 min before addition of propidium iodide (1 μg/mL). 
Samples were processed on a ZE5 Cell Analyzer and analyzed with FlowJo software.

TUNEL stain. After initial treatment and passaging (see above), RMS cells and media supernatant were col-
lected on day 6. After spinning down, cells were washed with PBS and fixed with 1% paraformaldehyde PBS for 
15 min. The ApopTag® Fluorescein Direct In Situ Apoptosis Detection Kit (S7160) was used for TUNEL staining 
and a modified version of their protocol was used. In short, fixed cells were collected, washed with PBS (2×), 
and 50,000 fixed cells (~ 20 μL) were spread evenly onto half of a coverslip. The PBS was allowed to evaporate 
for ~ 8 min on a 50 °C heat block to help cells stick to the coverslip. Ice-cold ethanol:acetic acid (2:1) was added 
to the samples for 5 min at -20 °C. After incubation, the solution was gently blotted to remove excess solution 
and washed with PBS (2×). Samples were incubated with equilibration buffer for 10 s at room temperature. The 
equilibration buffer was gently blotted and the working strength TdT enzyme was applied to the samples and 
incubated in a humidified chamber for 1 h at 37 °C. After incubation, the stop/wash buffer was applied to the 
samples for 10 min. After incubation, the samples were washed with PBS (2×) and then counterstained with 
DAPI (23 nM) for 10 min at room temperature. After incubation, DAPI solution was aspirated and samples were 
rinsed with water before coverslips were mounted to slides. Slides were imaged on an Olympus BX61 upright 
fluorescent microscope and the images were analyzed using ImageJ software.

Tumor growth after SMG7 knockout. RMS cells were treated with 4-hydroxytamoxifen or ethanol as 
above. Forty-eight hours after treatment, cells were collected, washed with PBS (2×), counted using a hemocy-
tometer, and resuspended in PBS at the appropriate concentration for a final injection volume of 50 μL (x cells/50 
μL). Age matched male mice (2- to 3-month-old) were used for all experiments. Injection of all mice occurred at 
midday and in their home cage. Mice were wiped down with 70% ethanol saturated gauze to sterilize the injec-
tion site before they received a subcutaneous injection with 50 μL of cell slurry (500,000 or 10,000 cells total). At 
the endpoint of experiments, mice were euthanized using a  CO2 chamber.  CO2 flow was maintained for at least 
60 s after respiratory arrest and was followed by physical death verification by bilateral thoracotomy. The tumors 
were collected and the mass, length and width of tumors were measured before tumor tissues were processed 
for downstream analysis.

Tumor growth using a neoadjuvant approach. Clone 5 cells were collected, washed with PBS (2×), 
counted using a hemocytometer, and resuspended in PBS at the appropriate concentration for a final injection 
volume of 50 μL (200 cells/μL). Age matched male mice (2- to 3-month-old) were used for all experiments. Injec-
tion of all mice occurred at midday and in their home cage. Mice were wiped down with 70% ethanol saturated 
gauze to sterilize the injection site before they received a subcutaneous injection with 50 μL of cell slurry (10,000 
cells total). Three days after injection of clone 5 cells, mice received intraperitoneal injections (100 μL) of tamox-
ifen (27 mM) or ethanol (0.857 M) corn oil on three consecutive days. At the endpoint of experiments, mice 
were euthanized using a  CO2 chamber.  CO2 flow was maintained for at least 60 s after respiratory arrest and was 
followed by physical death verification by bilateral thoracotomy. The tumors were collected and the mass, length 
and width of tumors were measured before tumor tissues were processed for downstream analysis.

Generation of schematics. Schematics in Supplemental Fig. S1c and Fig. 3a were created with BioRender.
com. The Albany Medical College Department of Regenerative and Cancer Cell Biology maintains a paid sub-
scription to BioRender.com for use in journal publication.

Equipment and settings. Western blot films were scanned using an Epson Perfection V700 PHOTO using 
the “Film (with Film Area Guide)” mode and at 600 dpi. Western blots were further transformed into black and 
white using Adobe Photoshop CS6 Extended (Image ➞ Adjustments ➞ Black & White ➞ Blue Filter). Agarose 
gels were imaged using BioDoc-It™ Imaging System. Agarose gel images were further processed with Adobe 
Photoshop CS6 Extended (Image ➞ Adjustments ➞ Levels ➞ Channel RGB Input Levels: 0–1–150). All image 
adjustments were applied equally to both western blots and agarose gels.

Animal ethics and housing. All Mus musculus experimental protocols were approved by the Albany Med-
ical College Institutional Animal Care and Use Committee (IACUC). Furthermore, all Mus musculus proce-
dures were performed in accordance with the relevant guidelines and regulations put forth by both the ARRIVE 
guidelines and by the Albany Medical College Animal Resources Facility, which is licensed by the United States 
Department of Agriculture and the New York State Department of Health, and is accredited by the Association 
for Assessment and Accreditation of Laboratory Animal Care International. The ARRIVE guidelines for report-
ing on animal research were utilized for this report. Mice were group housed (up to five per cage) in Allentown 
cages under specific pathogen free conditions at the Albany Medical College Animal Resources Facility. Allen-
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town cages had autoclaved hardwood shavings as bedding. All mice had complete and free access to water and 
low-fat chow. The housing rooms have a 14 h light/10 h dark cycle, an average room temperature of 72°F, and 
humidity range of 30–70%.

Statistical analysis. GraphPad Prism 9 software was used for statistical analysis. Unpaired, two-tailed 
t-tests were utilized for the comparison of two independent groups (significance was reached if p < 0.05). One-
way ANOVAs utilizing the Dunnett correction were used for western blot timeline experiments to compare con-
trol EtOH treated cells to experimental 4-OHT treated cells. For the mRNA stability assay, non-linear regression 
curve fitting (one phase decay) was used. Quantified data are presented as means with error bars representing the 
standard error of the mean. All in vitro experiments utilized at least three independent experiments. All in vivo 
experiments list the number of mice used in each group (see figure legends).

Data availability
The data generated and analyzed during this study are included in this published article (and its supplementary 
information files). All raw data pertaining to this manuscript will be provided upon request. Please refer to Y.T. 
for correspondence (tangy@amc.edu).
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