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Purpose: Atypical teratoid rhabdoid tumor (ATRT) is a deadly, fast-growing form of pediatric brain cancer with poor prognosis. Most 
ATRTs are associated with inactivation of SMARCB1, a subunit of the chromatin remodeling complex, which is involved in 
developmental processes. The recent identification of SMARCB1 as a tumor suppressor gene suggests that restoration of 
SMARCB1 could be an effective therapeutic approach.
Methods: We tested SMARCB1 gene therapy in SMARCB1-deficient rhabdoid tumor cells using a novel tumor-targeted nanome-
dicine (termed scL-SMARCB1) to deliver wild-type SMARCB1. Our nanomedicine is a systemically administered immuno-lipid 
nanoparticle that can actively cross the blood-brain barrier via transferrin receptor-mediated transcytosis and selectively target tumor 
cells via transferrin receptor-mediated endocytosis. We studied the antitumor activity of the scL-SMARCB1 nanocomplex either as 
a single agent or in combination with traditional treatment modalities in preclinical models of SMARCB1-deficient ATRT.
Results: Restoration of SMARCB1 expression by the scL-SMARCB1 nanocomplex blocked proliferation, and induced senescence 
and apoptosis in ATRT cells. Systemic administration of the scL-SMARCB1 nanocomplex demonstrated antitumor efficacy as 
monotherapy in mice bearing ATRT xenografts, where the expression of exogenous SMARCB1 modulates MYC-target genes. scL- 
SMARCB1 demonstrated even greater antitumor efficacy when combined with either cisplatin-based chemotherapy or radiation 
therapy, resulting in significantly improved survival of ATRT-bearing mice.
Conclusion: Collectively, our data suggest that restoring SMARCB1 function via the scL-SMARCB1 nanocomplex may lead to 
therapeutic benefits in ATRT patients when combined with traditional chemoradiation therapies.
Keywords: lipid nanoparticle, nanodelivery, SMARCB1, gene therapy, atypical teratoid rhabdoid tumor

Introduction
Brain cancer is one of the leading causes of cancer-associated deaths among children.1 Current treatment modalities (eg, 
surgical resection, intensive chemotherapy, and radiation therapy) have shown limited effectiveness. Moreover, current 
treatment options often cause nonspecific cytotoxic effects that negatively affect the development of the young patient’s 
brain, resulting in long-term neurological deficits. In particular, atypical teratoid rhabdoid tumor (ATRT) is a rare but 
highly malignant form of brain cancer that predominantly affects children under three years.2,3 The median age at 
diagnosis is approximately 17 months, and patients typically survive less than one year after diagnosis.2,4 Currently, there 
is no definitive standard of care for ATRT, and traditional treatments are not effective enough to stop aggressive 
progression of the disease. Given the dismal prognosis associated with ATRT, better treatment approaches are urgently 
needed to improve the treatment outcomes in these very young patients.
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Although genomic instability is a common feature of most malignant cells,5 ATRT genomes are highly stable. Most 
ATRTs contain less than ten coding mutations, and large chromosome gain or loss is uncommon.6–8 The only recurring 
molecular abnormality that characterizes ATRT is the inactivation of the SMARCB1 gene, which is observed in nearly 
98% of ATRT patients.9 SMARCB1 encodes a core subunit of the SWI/SNF chromatin remodeling complex that 
contributes to developmental processes. Although up to 20% of human cancers contain a loss-of-function mutation in 
the SWI/SNF complex, its role in tumor suppression remains understudied.10 It was only recent that several studies have 
revealed that SMARCB1 is a tumor suppressor with its loss required for rhabdoid tumorigenesis.3,11 The precise 
mechanism through which SMARCB1 can act as a tumor suppressor remains to be fully understood.7,11–15 In rhabdoid 
tumors, inactivation of SMARCB1 can drive proliferation by altering the expression of multiple pro-oncogenic 
pathways.16–22 Importantly, loss of SMARCB1 also reduces the efficacy of conventional anti-cancer treatments, such 
as radiation and chemotherapy.23,24 Thus, restoration of SMARCB1 is an attractive approach for treating patients with 
ATRT with the potential to render their ATRT more sensitive to conventional therapeutic modalities.

Combining emerging knowledge regarding SMARCB1 with nanotechnology, which enables brain tumor-targeted gene 
delivery, we assessed the potential of SMARCB1 restoration in ATRT using our nanomedicine (termed scL-SMARCB1). scL- 
SMARCB1 is an immuno-liposome nanocomplex decorated with anti-transferrin receptor single-chain antibody fragments 
(TfRscFv) that serves as a targeting moiety. Many types of cancer cells overexpress TfR to meet the increased demand for iron 
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to support their rapid growth.25 Thus, TfRscFv allows our nanocomplex to efficiently deliver its cargo (ie, SMARCB1 transgene) 
into tumor cells. Moreover, our nanocomplex can actively enter and deliver payloads to intracranial tumors by traversing the 
blood-brain barrier (BBB) via TfR-mediated transcytosis.26–28 Here, we performed translational studies using patient-derived 
ATRT cells and xenograft tumors to demonstrate the potential of scL-SMARCB1 as a novel therapy for this rare and fatal 
childhood cancer. We also studied the potential synergism between scL-SMARCB1 treatment and traditional anticancer treatment 
modalities, ie, radiation and chemotherapy.

Materials and Methods
Cell Lines
The human ATRT cell line BT-12 was obtained from Children’s Oncology Group (Monrovia, CA, USA). Human ATRT 
cell line CHLA-06 and human rhabdomyosarcoma cell lines A-204 and Hs729 were obtained from the American Type 
Culture Collection (Manassas, VA, USA). The cells were maintained at 37°C in an atmosphere of 5% CO2 in RPMI-1640 
(Cytiva, Marlborough, MA, USA) supplemented with 15% FBS (Sigma, St. Louis, MO, USA; for BT-12), McCoy’s 5A 
(Corning Cellgro, Corning, NY, USA) supplemented with 10% FBS (for A-204), DMEM (Corning Cellgro) supple-
mented with 10% FBS (for Hs729), or DMEM/F-12 (Corning Cellgro) supplemented with 20 ng/mL human FGF 
(Thermo Fisher, Waltham, MA), 20 ng/mL human EGF (Thermo Fisher), and 1× B27 supplement (Thermo Fisher; for 
CHLA-06). All experiments were performed using mycoplasma-free cells.

Plasmids
Sequence-verified human SMARCB1 full-length cDNA clone was obtained from the Mammalian Gene Collection at 
Horizon (Clone ID: 40125665). The SMARCB1 expression plasmid, pSCMV-SMARCB1 contains a 1.4-kb human wild- 
type (wt) SMARCB1 cDNA under the control of the cytomegalovirus (CMV) promoter, followed by the simian virus 40 
(SV40) polyadenylation signal. The control plasmid, pSCMV, was an empty vector without the SMARCB1 insert.29 All 
the plasmids were expanded in E. coli and purified using EndoFree Plasmid Mega/Giga kits (Qiagen, Germantown, MD, 
USA). Purified plasmids were quantified spectrophotometrically at A260/A280 >1.95.

Nanocomplex Preparation
Cationic liposome consisting of 1,2-dioleoyl-3-trimethylammonium propane (DOTAP, Avanti Polar Lipids, Alabaster, 
AL) and dioleolylphosphatidyl ethanolamine (DOPE; Avanti Polar Lipids), referred to as Lip, was prepared as described 
previously.25 Briefly, DOTAP:DOPE (1:1 molar ratio) in ethanol were injected quickly into 55°C water in a test tube 
while vortexing. The solution was vortexed for an additional 20 min while cooling down to room temperature. Plasmid 
DNA carrying the human SMARCB1 gene (pSCMV-SMARCB1) or a control plasmid without the SMARCB1 insert 
(pSCMV) was encapsulated in TfRscFv/Lip (termed scL) immunoliposome nanocomplexes (scL-SMARCB1 or scL-vec, 
respectively), similar to a previously described method.25 Briefly, the TfRscFv solution was mixed with Lip by gentle 
inversion for 10 min at room temperature to produce scL. Plasmid DNA was diluted in water and added to the scL at 
a DNA:lipid ratio of 1:8–1:14 (w/w ratio). The solution was mixed well for 10 min by inversion several times to produce 
the scL-SMARCB1 nanocomplex. The size and surface charge of the complexes were measured using a Zetasizer 
(Malvern Panalytical, Malvern, UK). For the cell culture experiments, the complex was further diluted with serum-free 
medium and added to the culture. For animal injections, 5% dextrose was added to the nanocomplex preparation.

Measurement of SMARCB1 Expression in vitro
To determine SMARCB1 expression, BT-12, CHAL-06, or A-204 cells were plated at 3.0×106 cells/10 cm dish for 24h 
before transfection. The scL-SMARCB1 nanocomplexes prepared as described above were diluted in serum-free medium 
and added to dishes (7µg DNA/dish). After incubation for 5h at 37°C, the medium was replaced with 10mL of fresh 
complete medium and the cells were further incubated. Cells were collected between 24 to 120h after transfection and 
subjected to either quantitative reverse transcription PCR (RT-qPCR) or western analysis. For Western blot analysis, the 
collected cells were lysed in cold radioimmunoprecipitation assay (RIPA) buffer containing protease inhibitors and 10μg 
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of total cellular protein was separated on 4–12% Bis-Tris Midi gels (Thermo Fisher, Waltham, MA), transferred to 
a nitrocellulose membrane, and hybridized with antibodies against human SMARCB1 (#91735, 1:1000 dilution, Cell 
Signaling, Danvers, MA, USA), followed by incubation in a horseradish peroxidase-conjugated anti-rabbit IgG (#7074S, 
1:10,000 dilution, Cell Signaling). Antibodies recognizing human GAPDH (#2275-PC-100, 1:1000 dilution, Trevigen, 
Gaithersburg, MD, USA) were used as internal controls for protein loading. Chemiluminescent detection was performed 
using the SuperSignal West Dura Extended Duration Substrate (Thermo Fisher). Quantification of the protein bands was 
performed using the ImageJ software. For RT-qPCR, total RNA was extracted from the cell pellets using the PureLink 
RNA mini kit (Thermo Fisher) and reverse-transcribed using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, 
USA). PCR was performed in triplicate using the TaqMan Fast Advanced Master Mix (Thermo Fisher) and TaqMan gene 
expression assays (Thermo Fisher) for human SMARCB1 (Hs00992521_m1) and GAPDH (Hs02786624_g1). RT-qPCR 
assays for transcript quantification were performed using the StepOnePlus RT-PCR system (Life Technologies), and 
relative mRNA expression levels were analyzed using StepOne software v2.3. via the ΔΔCt method, with normalization 
of the corresponding sample value for GAPDH.

Flow Cytometry
To determine TfR expression levels, BT-12, CHLA-06, and A-204 cells were stained with human CD71-FITC (anti-TfR; 
BioLegend, San Diego, CA) for 30 minutes at 4°C in the dark. After washing, the labeled cells were analyzed using a BD 
FACSAria flow cytometer (BD Biosciences, San Jose, CA, USA). To assess the level of apoptosis, cells were stained using 
the Annexin V/Dead Cell Apoptosis kit with propidium iodide (PI, Thermo Fisher) according to the manufacturer’s protocol. 
The level of apoptosis was also assessed using cell cycle and sub-G1 analyses. After treatment, cells were harvested, washed 
with cold PBS, and fixed with ice-cold 75% ethanol. The fixed cells were washed twice with PBS and stained with 25μg/mL 
of PI. Cells were analyzed using an LSRFortessa flow cytometer (BD Biosciences). Cisplatin sensitization was assessed 
based on the level of apoptosis in BT-12 cells, as determined by the percentage of cells positive for Annexin V and PI 
staining. BT-12 cells (3.0×106 cells/10 cm dish) were treated with either scL-SMARCB1 or scL-vec nanocomplexes (7μg 
DNA/dish) for 24h, after which the cells were treated with 0.5μM of cisplatin. Seventy-two hours after the addition of 
cisplatin, the cells were collected, and the amount of apoptosis was assessed by flow cytometry, as described above.

Cell Viability Assay
Human ATRT (BT-12 and CHLA-06) and rhabdomyosarcoma (A-204 and Hs729) were plated at 3.0×103 cells/well in 
96-well plates and 24h later treated with either scL-SMARCB1, scL-vec, or scL nanocomplex without payload at various 
concentrations in triplicates (0–250ng DNA/well). Forty-eight hours after treatment, cell viability was determined using 
the sodium 30-[1-(phenylamino-carbonyl)-3, 4-tetrazolium]-bis(4-methoxy-6-nitro)-benzenesulfonate (XTT) assay 
(Polysciences, Warrington, PA, USA). The IC50 values, the drug concentration resulting in 50% cell death, were 
interpolated from the graph of DNA concentration versus the fraction of surviving cells using SigmaPlot 11.2 (Systat 
Software, San Jose, CA, USA). To assess the degree of sensitization to cisplatin, BT-12, CHLA-06, and A-204 cells were 
treated with scL-SMARCB1 or scL-vec nanocomplexes (10–50ng DNA/well) for 24h, followed by the addition of 
increasing concentrations of cisplatin (0–100μM). Seventy-two hours after the addition of cisplatin, cell viability was 
determined using the XTT assay as described above. CHLA-06 cells were subjected to Western blot analysis using 
antibodies against SMARCB1 (#91735, 1:1000 dilution, Cell Signaling Technology), cleaved caspase-3 (cCasp3, #9661, 
1:1000 dilution, Cell Signaling Technology), and cleaved poly (ADP-ribose) polymerase (cPARP, #9541, 1:1000 dilution, 
Cell Signaling Technology). Antibodies against GAPDH (#2275-PC-100, 1:1000 dilution, Trevigen) were used as 
internal controls for protein loading.

Senescence-Associated β-Galactosidase Staining and Western Blot Analysis
BT-12 and A-204 cells were plated in six-well plates at a density of 1.0×105 cells per well and transfected with 
either scL-vec or scL-SMARCB1 nanocomplexes as described above. Seven days after treatment, the cells were 
fixed and stained using a Senescence β-Galactosidase Staining Kit (Cell Signaling Technology), according to the 
manufacturer’s protocol. Cells were photographed using an Olympus IX-71 inverted microscope (Olympus Life 
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Sciences, Waltham, MA, USA). The cells were also subjected to Western blot analysis using antibodies against 
CDKN2A (#80772, 1:1000 dilution, Cell Signaling Technology) and CDKN1A (#2947, 1:1000 dilution, Cell 
Signaling Technology). Antibodies recognizing Lamin B1 (#sc-377000, 1:1000 dilution, Santa Cruz 
Biotechnology, Dallas, TX, USA) were used as internal controls for protein loading.

In vivo Studies
All in vivo animal experiments were approved by the Georgetown University Institutional Animal Care and Use Committee 
(IACUC). All experiments were performed in accordance with the approved GUACUC protocols of the Georgetown 
University. For the subcutaneous tumor model, 6-week-old female athymic nude mice (Hsd:Athymic Nude-Foxn1nu, 
Envigo, Indianapolis, IN) were inoculated on their flanks with BT-12 cells (2.0×106 cells/site). For the intracranial tumor 
model, 6-week-old female athymic nude mice were stereotactically inoculated in the right hemisphere of the mouse brain 
(2.0 mm posterior to lambda, 1.5 mm lateral to midline, and 3.0 mm depth from skull) with BT-12 cells (0.25×106 cells/ 
mouse). Mice with established tumors were injected twice a week for 6 injections of scL-SMARCB1 (30µg DNA/injection, 
intravenously administered). In some experiments, 2 mg/kg cisplatin was administered once a week for a total of three 
injections via intraperitoneal injection 24h after injection of scL-SMARCB1 injection. In some experiments, 24h after the 
initial injection of scL-SMARCB1, the animals were secured in a lead restraint that permitted only the tumor area to be 
exposed to γ-irradiation, and the first fractionated dose of 5 Gy of ionizing radiation was administered. Thereafter, the 
animals were administered with 5 Gy on the indicated days to a total dose of 15 Gy per mouse. We monitored the body 
weight of the tumor-bearing mice and evaluated the in vivo response based on changes in tumor volume over time. The size 
of the subcutaneous tumor was measured semi-weekly and the tumor volume (L×W×H) was in mm3 calculated. The size of 
the intracranial tumor was measured by magnetic resonance imaging (MRI). Transcriptional changes in genes related to 
cancer progression were tested by RT-qPCR in intracranial BT-12 tumors harvested at 72h after a single injection of scL- 
SMARCB1 nanocomplex (30µg DNA). Total RNA was extracted from the brain tumors using a RNeasy Plus Mini Kit 
(QIAGEN) and reverse transcribed using an iScript cDNA synthesis kit (Bio-Rad). PCR was performed in triplicate using 
TaqMan Fast Advanced Master Mix (Thermo Fisher) and TaqMan gene expression assays (Thermo Fisher) for human 
SMARCB1 (Hs00992521_m1), CDKN1C (Hs00908986_g1), CDKN2A (Hs00923894_m1), GADD45A 
(Hs00169255_m1), MYC (Hs00153408_m1), HSPE1 (Hs01654720_g1), CDK4 (Hs00260861_m1), AURKA 
(Hs01582072_m1), and GAPDH (Hs02786624_g1), as described above.

Magnetic Resonance Imaging
To visualize and measure intracranial tumors, animals were imaged in vivo without the aid of a contrast agent on a 7T 
Bruker horizontal spectrometer/imager run using Paravision 5.1 software (Bruker Biospin MRI GmbH, Karlsruhe, 
Germany). ImageJ software was used to calculate tumor volumes. The regions of interest (ROIs) containing tumors 
were determined based on the contrast differential exhibited by brain tumors versus normal brains and manually traced. 
The volumes were determined by multiplying the area by slice thickness.

Blood Analysis
To assess the potential non-specific toxicity associated with the treatments, blood was collected for serum chemistry 
analysis (Antech Diagnostics) from BT-12 bearing mice treated with either cisplatin in combination with radiation or 
scL-SMARCB1 in combination with radiation on days 35 and 56 (n=5 per group).

Statistical Analysis
Data are presented as the mean ± standard deviation. Statistical significance was determined using a one-way ANOVA or 
Student’s t-test. Statistical significance was set at P <0.05. The Log rank test was used for the survival studies. All graphs 
and statistical analyses were performed using the SigmaPlot 11.2.
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Results
Characterization of scL-SMARCB1 Nanocomplex
The size (Figure 1A) and zeta potential (Figure 1B) of the freshly prepared nanocomplexes were measured using dynamic light 
scattering (DLS) method. The empty nanocomplex without the payload (termed scL) measured approximately 29.27 ± 2.02 nm 
in size (diameter) with a zeta potential of 56.89 ± 1.24 mV (Figure 1C). When the DNA payload was encapsulated in the 
nanocomplex, the particle size increased, whereas the surface charge decreased. The average size of scL-SMARCB1 
nanocomplex was 113.38 ± 13.38 nm with a zeta potential of 27.90 ± 0.37 mV. The size of a control nanocomplex that carries 
plasmid DNA without SMARCB1 insert (termed scL-vec) was 113.93 ± 17.86 nm with a zeta potential of 30.05 ± 0.28 mV. The 
nanocomplexes encapsulating DNA plasmid payloads (ie, scL-SMARCB1 and scL-vec) were similar in size and surface charge. 
These complexes were in the nanosize range, and their small polydispersity index (PDI) values indicated a homogenous 
population of nanocomplexes (Figure 1C). In our previous effort to characterize scL nanocomplex encapsulating TP53 plasmid 
DNA (scL-p53) by cryogenic electron microscopy and atomic force microscopy, a virus-like structure of nanocomplex with 
~100 nm in diameter was observed.26 Agarose gel motility shift assay of the same nanocomplex demonstrated that when 
prepared using the optimal ratio, >99.5% of the plasmid DNA used in the preparation of the nanocomplex was encapsulated.26 

scL-SMARCB1 differs from scL-p53 nanocomplex only in the identity of the tumor suppressor cDNA present in the plasmid 
DNA component; the targeting single-chain monoclonal antibody and the cationic liposome are identical. Thus, similar 
morphology and encapsulation efficiency are expected with scL-SMARCB1. When siRNA was encapsulated in scL 

Figure 1 Characterization of scL-SMARCB1 nanocomplex. (A) Size distribution of scL-SMARCB1 nanocomplex, control nanocomplex containing a plasmid without the 
SMARCB1 insert (scL-vec), and empty nanocomplex, ie, lacking a DNA payload (scL). Shown are the data from analyses using a Malvern Zetasizer expressed as the number 
average values. (B) Zeta potential (surface charge) of nanocomplexes. (C) A compilation of the polydispersity index (PDI), size distribution (by number, volume, and 
intensity), and zeta potential values of nanocomplexes is shown (N = 3–5/nanocomplex).
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nanocomplex, the serum stability of siRNA was significantly improved that intact scL-siRNA is clearly present in circulation for 
at least 24h after an intravenous administration in mice, while free siRNA without delivery system was undetectable at 3h in 
blood (unpublished data), suggesting a similar stability of scL-SMARCB1 nanocomplex in vivo.

scL-SMARCB1 Treatment Restores SMARCB1 Expression in SMARCB1-Deficient 
Rhabdoid Tumor Cells
Compared to normal cells, tumor cells maintain many times higher level of TfR expression on their surface in response to 
increased iron demand.30 It was also shown that TfR level can be correlated with tumor stage or cancer progression.31 In our 
study, TfR serves as the binding target for receptor-mediated endocytosis into rhabdoid tumor cells via the TfRscFv targeting 
moiety that decorates the surface of scL-SMARCB1 nanocomplex. In a number of our earlier studies, we have demonstrated 
the importance of the targeting moiety for the increased transfection efficiency and tumor targeting ability of the scL 
nanocomplex when compared to both a control antibody and unliganded complex without targeting moiety in vitro and 
in vivo.32 Thus, we first validated the expression of TfRs on the surface of rhabdoid tumor cells to assess the feasibility of 
delivering payloads into these cells via TfR-mediated endocytosis. Flow cytometric analysis demonstrated the positive 
expression of TfR in patient-derived ATRTs (BT-12 and CHLA-06) and rhabdomyosarcoma (A-204), indicating the potential 
of scL-SMARCB1 nanocomplex to deliver therapeutics to these tumor cells (Figure 2A). Previously, we have examined the 
intracellular uptake and subcellular localization of scL nanocomplex that carries fluorescently labeled (6FAM-) oligonucleo-
tides as a model payload to allow tracking of nanocomplexes intracellularly.33 A time lapse imaging using total internal 
reflection fluorescence (TIRF) microscopy of in vitro transfection of human colorectal cancer HT-29 cells leveled a significant 
accumulation of payload (6FAM-ODN) in the cytoplasm as early as 3h after transfection, and the signal intensified over time 
as more nanocomplex were taken up by the cells and intracellularly accumulating. Although we did not evaluate the uptake of 
scL-SMARCB1 nanocomplex, a similar uptake of nanocomplex can be anticipated. We further investigated whether the scL- 
SMARCB1 nanocomplex could successfully restore the exogenous SMARCB1 expression in these cells. The SMARCB1- 
deficient ATRT cell line BT-12 was transfected with scL-SMARCB1 or scL-vec nanocomplexes. The transcriptional 
expression of SMARCB1 was monitored by RT-qPCR at 24, 48 and 72h after transfection (Figure 2B, left panel). 
Significantly higher levels of SMARCB1 mRNA were detected in BT-12 cells treated with the scL-SMARCB1 nanocomplex 
across all time points, but not in BT-12 cells treated with scL-vec, than in untreated cells. Furthermore, Western blot analysis of 
BT-12 cells treated with scL-SMARCB1 showed distinct bands of the exogenous SMARCB1 protein at 44kDa at all time 
points (Figure 2C). However, cells that were untreated or treated with scL-vec showed no detectable expression of the 
SMARCB1 protein at any time point. It has been reported that main subcellular locations of SMARCB1 protein are nucleus 
and cytosol.34 Although we did not study the subcellular distribution of the restored SMARCB1 protein, using scL 
nanocomplex carrying GFP plasmid DNA as a model payload (scL-GFP), we have previously examined subcellular 
localization of exogenous GFP protein in human colorectal cancer (HT-29) and human glioblastoma (U251 and U87) cell 
lines.33 We have observed a strong nuclear expression and lower cytoplasmic expression of exogenous GFP in all three cancer 
cell lines. We anticipate a similar distribution of exogenous SMARCB1 protein in the nucleus and cytosol. We also validated 
the restoration of SMARCB1 expression in two other SMARCB1-deficient rhabdoid tumor cell lines, CHLA-06 and A-204. 
Both cell lines were transfected with either scL-SMARCB1 or scL-vec nanocomplexes and tested for SMARCB1 mRNA 
levels 48 and 120h later using RT-qPCR. Similar to BT-12, a significant increase in SMARCB1 mRNA levels was observed in 
both CHLA-06 and A-204 cells transfected with the scL-SMARCB1 nanocomplex (Figure 2B, middle and right panels, 
respectively) compared with untreated cells, whereas the scL-vec nanocomplex did not change SMARCB1 expression. 
Collectively, these results confirmed the ability of the scL-SMARCB1 nanocomplex to deliver SMARCB1 gene and restore 
SMARCB1 expression in multiple rhabdoid tumor cell lines that are otherwise deficient in SMARCB1.

scL-SMARCB1 Inhibits Growth of SMARCB1-Deficient Rhabdoid Tumor Cells
We have assessed the antitumor effects of SMRACB1 restoration on various rhabdoid tumor cells. SMARCB1-deficient ATRTs 
(BT-12 and CHLA-06), SMARCB1-deficient rhabdomyosarcoma (A-204), and SMARCB1-expressing rhabdomyosarcoma 
(Hs729) cells were treated with scL-SMARCB1 or scL-vec nanocomplexes at various concentrations (0−250ng DNA/well). 
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Forty-eight hours later, tumor cell survival was determined using the XTT assay. In all SMARCB1-deficient cells, transfection 
with scL-SMARCB1 nanocomplex resulted in a dose-dependent killing of tumor cells with IC50 of 137.32ng, 128.60ng, and 
19.92ng of DNA/well in BT-12, CHLA-06, and A-204 cells, respectively (Figure 3A). However, neither scL nor scL-vec 
demonstrated a similar antitumor effect with an equivalent amount of nanocomplex, indicating that antitumor activity is due to 
the restoration of exogenous SMARCB1 rather than the delivery system itself. Importantly, treatment of SMARCB1-expressing 
Hs729 cells with the scL-SMARCB1 nanocomplex did not induce antitumor activity with an IC50 value of >250ng of DNA/well, 
suggesting that SMARCB1 re-expression does not produce antitumor effects in SMARCB1-expressing cells. We further 
investigated whether the observed antitumor activity was associated with activation of cellular apoptosis. Flow cytometric 
analysis of A-204 cells at 72h after the transfection with scL-SMARCB1 nanocomplex showed a significant increase in the early 
(Annexin V+PI−) and late (Annexin V+PI+) apoptotic populations compared with the untreated control (Figure 3B). However, 

Figure 2 scL-SMARCB1 nanocomplex restores SMARCB1 expression in SMARCB1-deficient rhabdoid tumor cells. (A) Flow cytometric analysis of TfR expression on the 
surface of patient-derived ATRT (BT-12 and CHLA-06) and rhabdomyosarcoma (A-204). Median fluorescence intensity (MFI) is shown in top-right corners. (B) RT-qPCR 
analysis of transcriptional expression of SMARCB1 at indicated time after transfection with either scL-SMARCB1 or scL-vec (N = 4 for BT-12, N = 3 for CHLA-06 and 
A-204). **p<0.01. (C) Western blot analysis of SMARCB1 expression in BT-12 cells treated with either scL-SMARCB1 or scL-vec (left panel). A densitometric analysis of 
Western blot results presented (right panel).
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A-204 cells treated with scL-vec showed an insignificant increase in the Annexin V+ fraction compared with the untreated 
control. In another experiment, flow cytometric analysis of the sub-G1 fraction, which is another characteristic of apoptosis, in 
BT-12 cells receiving scL-SMARCB1 treatment showed a significant increase in the apoptotic population compared to that in the 
untreated control at 72h post-treatment (Figure 3C). However, scL-vec treatment of BT-12 cells did not increase the sub-G1 

Figure 3 scL-SMARCB1 nanocomplex inhibits growth of SMARCB1-deficient rhabdoid tumor cells. SMARCB1-deficient ATRT (BT-12 and CHLA-06), SMARCB1-deficient 
rhabdomyosarcoma (A-204), and SMARCB1-expressing rhabdomyosarcoma (Hs729) were transfection with increasing concentrations of either scL-SMARCB1, scL-vec, or 
an empty nanocomplex without payload (scL). (A) XTT cell viability assay at 48h after transfection. A compilation of the IC50 values is shown (lower panel). (B) Induction of 
apoptosis was monitored via Annexin V/PI staining in A-204. Numbers in the quadrants indicate the percentage of cells in each quadrant. (C) Cell cycle analysis of BT-12. 
Sub-G1 peaks represent apoptotic cells. (D) Representative photographs of senescence-associated β-galactosidase staining of BT-12 and A-204. The scale bars indicate 100 
μm. (E) Western blot analysis of senescence associated cell cycle inhibitors (CDKN1A and CDKN2A) in BT-12 cells (top panel). A densitometric analysis of Western blot 
results presented (lower panel).
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fraction compared to the untreated control, validating that the antitumor activity was due to the restoration of exogenous 
SMARCB1. We also asked whether the anti-tumor activity of SMARCB1 restoration was associated with activation of 
senescence given that the reintroduction of SMARCB1 could cause senescence in rhabdoid tumors.35 We first measured 
induction of senescence-associated β-galactosidase (SA-β-gal), a widely used biomarker for senescent cells. scL-SMARCB1 
treatment, but not scL-vec treatment, strongly induced SA-β-gal activity (Figure 3D), demonstrating elevated senescence in BT- 
12 and A-204 cells seven days after treatment with the scL-SMARCB1 nanocomplex. Western blot analysis showed increased 
expression of senescence-associated CDKN2A in BT-12 cells treated with scL-SMARCB1 compared to that in untreated BT-12 
cells (Figure 3E), indicating that SMARCB1-induced senescence via CDKN2A activation is another mechanism of inhibition of 
rhabdoid tumor progression. Collectively, our results indicate that re-expression of SMARCB1 in SMARCB1-deficient rhabdoid 
tumor cells results in reduced growth of cells expressing exogenous SMARCB1, undergoing apoptosis and senescence.

scL-SMARCB1 Inhibits BT-12 Tumor Growth in vivo
To determine the therapeutic potential of scL-SMARCB1 in ATRT, we assessed the response of ATRT xenografts to scL- 
SMARCB1 treatment. Athymic mice bearing subcutaneously established BT-12 tumors were treated with scL-SMARCB1 
nanocomplex via tail vein injections (30µg DNA/injection), as shown in Figure 4A, and tumor growth was monitored. During 
the treatment period (between days 8 and 26), there was significant inhibition of tumor growth in animals receiving scL- 
SMARCB1 (1.6-fold increase from their initial tumor volume) compared to animals without any treatment (3.5-fold increase 
from their initial size) (Figure 4B). The inhibition of tumor growth continued even after the treatment was stopped. At harvest 
on day 43 (ie, 17 days after the last treatment), tumors from untreated control mice weighed approximately twice as heavy as 
tumors from mice treated with scL-SMARCB1 (Figure 4C), demonstrating the significant anti-tumor effect of scL- 
SMARCB1 as a single-agent treatment. Importantly, the body weights of tumor-bearing animals did not differ significantly 
between the untreated control and scL-SMARCB1 treatment groups, indicating little, if any, systemic toxicity (Figure 4D). 
Taken together, these data indicated that the restoration of exogenous SMARCB1 via the scL-SMARCB1 nanocomplex 
effectively suppressed the growth of SMARCB1-deficient tumors.

scL-SMARCB1 Improves the Survival of Mice Bearing Intracranial BT-12 Tumor
To further determine in vivo efficacy of scL-SMARCB1, we performed a survival study using athymic mice bearing 
intracranially established BT-12 tumors. Twelve days after tumor inoculation, brain tumors were confirmed in the cerebellum 
of the mouse brain by MRI, and treatment was initiated on day 14 (Figure 5A). As was seen in the subcutaneous tumor model, 
significant growth inhibition of BT-12 tumors was observed with scL-SMARCB1 treatment compared to the untreated control 
group (Figures 5B and C). However, scL-vec treatment did not affect tumor growth. On day 49, MRI-based measurement of 
tumor volume revealed a significantly smaller tumor size with scL-SMARCB1 treatment compared with the untreated control 
(6.1-fold versus 18.8-fold increase from their initial size on day 12, respectively). During the treatment period, the body weight 
of tumor-bearing mice in the untreated control group and the scL-vec-treated group decreased rapidly, indicating poor health 
of mice with a significant tumor burden (Figure 5D). In comparison, the body weight of mice receiving scL-SMARCB1 
treatment remained stable for an extended period before rapidly decreasing as the tumor burden increased. Without any 
treatment, all mice succumbed to brain tumors before day 69, with a median survival of 51 days (Figure 5E). However, mice 
that received scL-SMARCB1 therapy survived for a significantly longer period (up to 99 days), with a median survival time of 
74 days. In contrast, scL-vec treatment resulted in no demonstrable survival benefit. We next addressed whether the observed 
antitumor activity of scL-SMARCB1 was accompanied by transcriptional modulation of genes related to cancer progression. 
RT-qPCR analysis of intracranial BT-12 tumors harvested at 72h after a single injection of the scL-SMARCB1 nanocomplex 
(30µg DNA) showed a significant upregulation of SMARCB1 mRNA compared to untreated tumors, but this was not 
observed in tumors treated with scL-vec (Figure 5F). This result confirmed the ability of the scL-SMARCB1 nanocomplex to 
deliver SMARCB1 gene and restore SMARCB1 expression in intracranial tumors after systemic administration. Importantly, 
scL-SMARCB1 treatment, but not scL-vec treatment, significantly upregulated the expression of MYC-repressed genes 
(CDKN1C, CDKN2A, and GADD45A), while downregulating MYC-activated genes (HSPE1 and CDK4) compared to 
untreated tumors (Figure 5F). In addition, scL-SMARCB1 treatment significantly downregulated AURKA, which plays 
a critical role in mitosis and ATRT tumorigenesis.36 Taken together, these data indicate that the systemically administered scL- 
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Figure 4 scL-SMARCB1 nanocomplex inhibits BT-12 tumor growth in vivo. Athymic mice with subcutaneous BT-12 tumor xenografts were randomized to therapy with scL- 
SMARCB1. (A) Treatment schedule. Mice received total 6 injections of scL-SMARCB1 (30 μg/injection, twice weekly for 3 weeks, N = 7 for untreated group, N = 8 for scL- 
SMARCB1 group). (B) Comparison of tumor growth between treatment groups. Tumor volumes are shown for individual tumor (left panel) and on average (right panel). 
Gray boxes indicate the treatment period. *p<0.05. (C) Quantification of tumor weight at harvest on day 43. *p<0.05. (D) Comparison of body weight changes between 
treatment groups.
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Figure 5 scL-SMARCB1 nanocomplex improves the survival of mice bearing intracranial BT-12 tumor. Athymic mice with intracranial BT-12 tumor xenografts were 
randomized to therapy with scL-SMARCB1 or scL-vec. (A) Treatment schedule. Mice received total 6 injections of scL-SMARCB1 (30 μg/injection, twice weekly for 3 weeks, 
N = 6/group). (B) Comparison of tumor growth between treatment groups (left panel). MRI images were evaluated to determine tumor volume. Representative MRI images 
(right panel). Gray box indicates the treatment period. *p<0.05. (C) MRI-based measurement of tumor volume on day 49. *p<0.05. (D) Comparison of body weight changes 
between treatment groups. (E) Kaplan–Meier survival curves of mice. Log Rank test, **p<0.01. N = 6/group. (F) RT-qPCR analysis of transcriptional expression of genes 
related to ATRT progression. *p<0.05.
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SMARCB1 nanocomplex restored functional SMARCB1 expression in intracranial tumors and effectively suppressed the 
growth of SMARCB1-deficient tumors, leading to the extended survival of tumor-bearing mice. These observations support 
the contention that restoration of SMARCB1 via the scL-SMARCB1 nanocomplex could be an effective therapeutic strategy 
for treating patients with ATRT.

scL-SMARCB1 Promotes Cisplatin-Induced Cytotoxicity in ATRT
It has been suggested that the loss of SMARCB1 might limit the efficacy of traditional anti-cancer treatments, such as 
ionizing radiation and chemotherapeutic agents.23,24 Thus, we further studied the effect of combining scL-SMARCB1 
with conventional therapeutic modalities. Although multi-agent chemotherapy regimens vary greatly among patients, 
platinum-based chemotherapy is widely used as a mainstay in the treatment of ATRT patients.37 Thus, we tested whether 
SMARCB1 restoration by scL-SMARCB1 would potentiate cisplatin therapy in ATRT. BT-12, CHLA-06, and A-204 
cells were transfected with scL-SMARCB1 for 24h and treated with increasing concentrations of cisplatin for an 
additional 72h. Cells treated with either cisplatin alone or cisplatin in combination with scL-vec were used as the 
controls. The XTT assay revealed that the addition of scL-SMARCB1 to cisplatin significantly increased the effective-
ness of killing malignant rhabdoid tumor cells relative to cisplatin monotherapy (Figure 6A). In contrast, there was 
a minimal or no increase in the effectiveness of killing tumor cells when scL-vec was added to cisplatin. These results 
demonstrate that the increased response to cisplatin was due to the presence of exogenous SMARCB1 protein and not 
non-specific cytotoxicity. In addition, flow cytometric analysis showed a significant increase in the early (Annexin V+PI−) 
and late (Annexin V+PI+) apoptotic populations in BT-12 cells receiving cisplatin in combination with scL-SMARCB1 
treatment compared to cells receiving cisplatin only (Figure 6B). However, adding scL-vec to cisplatin treatment did not 
increase the Annexin V+ fraction compared with cisplatin monotherapy. Apoptosis induction was further monitored by 
Western blotting for cleaved caspase-3 (cCasp3) and cleaved poly(ADP-ribose) polymerase (cPARP), common apoptosis 
markers, in CHLA-06 cells (Figure 6C). With the combination therapy of scL-SMARCB1 and cisplatin, the expression of 
both cCasp3 and cPARP was substantially increased compared to cisplatin monotherapy. However, there was no 
significant upregulation of apoptosis markers with the combination of scL-vec and cisplatin. Taken together, these 
results suggest that SMARCB1 restoration in combination with cisplatin can promote apoptosis in ATRT cells.

We continued to study the in vivo effects of SMARCB1 restoration in combination with cisplatin treatment in human 
ATRT. Athymic mice bearing intracranially established xenografts of BT-12 were treated with scL-SMARCB1 via tail 
vein injections (30µg DNA/injection), cisplatin via IP injections (2 mg/kg), or a combination of both (Figure 6D). The 
presence of tumors was confirmed in the mouse brain using MRI, and treatment was initiated 13 days after tumor 
inoculation. In line with in vitro study, significant inhibition of tumor growth was evident with the combination treatment 
of scL-SMARCB1 and cisplatin, as monitored by MRI (Figure 6E). While either cisplatin or scL-SMARCB1 as a single- 
agent therapy had a moderate inhibitory effect on tumor growth, tumors from mice that received the combination of scL- 
SMARCB1 and cisplatin demonstrated significantly stronger anti-tumor responses. However, the combination of 
cisplatin and scL-vec displayed an antitumor effect similar to that of the cisplatin monotherapy. Importantly, there was 
a significant difference in survival when scL-SMARCB1 was administered in combination with cisplatin compared with 
cisplatin alone (Figure 6F). Without any treatment, all mice succumbed to their disease before day 77, with a median 
survival of 56 days. However, addition of scL-SMARCB1 to cisplatin treatment significantly improved survival, with 
a median survival time of 80 days. In contrast, mice receiving either cisplatin plus scL-vec or cisplatin alone had 
a median survival of only 69 days. Collectively, the addition of scL-SMARCB1 to cisplatin treatment promoted cisplatin- 
induced cytotoxicity in vivo and significantly improved the survival of ATRT-bearing mice.

scL-SMARCB1 Promotes Radiation-Induced Cytotoxicity in ATRT
We have also studied whether scL-SMARCB1 could enhance radiation therapy, an established treatment for pediatric 
brain tumors associated with better survival.3 Athymic mice bearing intracranially established xenografts of BT-12 were 
treated with either whole brain radiation (5 Gy), scL-SMARCB1 via tail vein injections (30µg DNA/injection), or 
combination of both as shown in Figure 7A. We also tested cisplatin treatment in combination with radiation therapy, 
because chemoradiation therapy is routinely used for the treatment of pediatric brain tumors. After confirming the tumor 
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Figure 6 scL-SMARCB1 nanocomplex promotes cisplatin-induced cytotoxicity in ATRT. For in vitro study, SMARCB1-deficient ATRT (BT-12 and CHLA-06) and SMARCB1- 
deficient rhabdomyosarcoma (A-204) were transfected with either scL-SMARCB1 or scL-vec for 24h, followed by treatment with cisplatin at various concentration. (A) 
XTT cell viability assay at 72h after cisplatin treatment. (B) Annexin V/PI staining to monitor apoptosis in BT-12. Numbers in the quadrants indicate the percentage of cells in 
each quadrant. (C) Western blot analysis of SMARCB1 and apoptosis markers (cleaved PARP and cleaved Caspase3) in CHLA-06 cells. For in vivo study, athymic mice with 
intracranial BT-12 tumor xenografts were randomized to therapy with scL-SMARCB1 and/or cisplatin. (D) Treatment schedule. Mice received total 6 injections of scL- 
SMARCB1 (30μg/injection, twice weekly for 3 weeks) and/or total 3 injections of cisplatin (2 mg/kg, weekly for 3 weeks). (E) MRI-based measurement of tumor volume. 
Gray box indicates the treatment period. (F) Kaplan–Meier survival curves of mice. Log Rank test, *p<0.05. N = 4–6/group.
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Figure 7 scL-SMARCB1 nanocomplex promotes radiation-induced cytotoxicity in ATRT. Athymic mice with intracranial BT-12 tumor xenografts were randomized to 
therapy with scL-SMARCB1 and/or radiation therapy. (A) Treatment schedule. Mice received total 6 injections of scL-SMARCB1 (30μg/injection, twice weekly for 3 weeks) 
and/or 3 fractions of radiation (5Gy, weekly for 3 weeks). Some animals also received total 3 injections of cisplatin (2mg/kg, weekly for 3 weeks) and/or 3 fractions of 
radiation (5Gy, weekly for 3 weeks). (B) MRI-based measurement of tumor volume. Gray box indicates the treatment period. (C) Kaplan–Meier survival curves of mice. Log 
Rank test, *p<0.05. N = 4–5/group. (D) Sera from tumor bearing mice receiving the indicated treatment were collected on day 35 (top panel) and day 56 (lower panel) and 
analyzed for levels of liver enzymes (AST and ALT) and BUN, indicators of hepatic and renal toxicity, respectively. *p<0.05. N = 4–5/group.
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in the cerebellum by MRI, treatment was initiated and tumor growth was monitored (Figure 7A). During the treatment 
period, significant inhibition of tumor growth was evident with the combination treatment of radiation and scL- 
SMARCB1 compared to untreated tumors (Figure 7B). Although radiation therapy alone and scL-SMARCB1 alone 
had some inhibitory effects on tumor growth, the combination of both showed a significantly stronger anti-tumor 
response. In contrast, combining radiation and scL-vec did not increase the antitumor response compared with radiation 
treatment alone. The inhibitory effect on tumor growth continued even after treatment was stopped. On day 67 (ie, 32 
days after the last treatment), the average volume of tumors from mice that received both radiation and scL-SMARCB1 
treatment increased by 2.3-fold from their initial size, whereas the average volume of tumors treated with radiation alone 
increased by 10.5-fold from their initial size. However, combining radiation and scL-vec did not improve the antitumor 
response (10.3-fold increase from the initial volume) compared to radiation alone. More importantly, there was 
a significant increase in survival when scL-SMARCB1 was combined with radiation (Figure 7C). All mice receiving 
radiation monotherapy succumbed to ATRT around day 81 (with a median survival time of 77 days), whereas 100% of 
the mice that received a combination of radiation and scL-SMARCB1 survived (with a median survival time of 94 days). 
In contrast, 25% of the mice receiving a combination of radiation and scL-vec survived until day 81 (with a median 
survival time of 77 days). Log-rank analysis demonstrated a statistically significant difference between the survival 
curves. These results demonstrated that 46 days after the end of treatment (ie, day 81), there was a significant difference 
in survival when scL-SMARCB1 was administered in combination with radiation compared to radiation treatment alone. 
Collectively, scL-SMARCB1 treatment enhanced radiation-induced cytotoxicity in ATRT, significantly inhibited tumor 
growth, and extended survival time compared to radiation treatment alone.

Interestingly, adding scL-SMARCB1 to radiation was much more effective in inhibiting ATRT growth and extending 
animal survival than adding cisplatin to radiation, which is similar to the currently used chemoradiation therapy in the 
clinic. Cisplatin treatment induces non-specific cytotoxic effects that damage normal tissues and organs, which often 
limit the use of drugs. Importantly, combining scL-SMARCB1 with radiation did not cause hepatotoxicity and renal 
injury, which were observed in mice treated with cisplatin and radiation combination therapy when the treatment was 
completed on day 35 (Figure 7D). Serum samples from mice treated with radiation in combination with cisplatin showed 
significantly elevated levels of alanine transaminase (ALT, 2.2-fold increase) and aspartate aminotransferase (AST, 
3.0-fold increase), two key liver enzymes indicative of hepatocellular injury, compared to the baseline levels in the 
serum of untreated mice. In contrast, serum from mice treated with radiation in combination with scL-SMARCB1 
showed ALT and AST levels similar to those at baseline. A significant increase in blood urea nitrogen (BUN, 1.3-fold 
increase from the baseline level), a clinically relevant marker of nephrotoxicity, was also observed in the serum of mice 
treated with radiation in combination with cisplatin, compared with serum from either untreated mice or mice treated 
with radiation in combination with scL-SMARCB1. A similar trend was observed in blood samples collected on day 56, 
confirming that fewer adverse effects were triggered when cisplatin was replaced by scL-SMARCB1 in combination with 
radiation. Taken together, these results indicate that combining radiation with scL-SMARCB1 is more effective and safer 
than conventional chemoradiotherapy. These observations suggest that scL-SMARCB1 may replace toxic chemother-
apeutics for the treatment of patients with ATRT.

Discussion
Gene therapy, which involves replacement of a defective or missing gene with a functional, intact copy of that gene, is 
a potentially beneficial cancer treatment approach particularly over conventional chemotherapy, which often lacks 
selectivity and can cause non-specific toxicity.38 To date, gene therapy for cancer has seen extremely limited clinical 
success due to current impediments such as intra-tumoral genetic heterogeneity, high genomic instability, and low- 
efficiency delivery.5,38,39 Interestingly, ATRT, a highly aggressive and incurable pediatric brain cancer, is historically 
considered to be a monogenic disease.40 Unlike other tumors, ATRT has relatively stable genome and a single genetic 
alteration (ie, loss of SMARCB1 gene) is the common decisive molecular defect that is almost universally found in 
ATRTs.41,42 Therefore, the unique monogenic character of SMARCB1-deficient ATRTs offers an opportunity to deter-
mine the utility of our nanomedicine-based SMARCB1 gene therapy approach. As a core subunit of the chromatin 
remodeling complex necessary for normal eukaryotic cell function, SMARCB1 is ubiquitously expressed at high levels 

https://doi.org/10.2147/IJN.S458323                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2024:19 5988

Kim et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


throughout the body and has no known oncogenic function, thereby limiting the potential for its toxicity related to off- 
target effects in patients.

Our brain tumor-targeted scL-SMARCB1 nanomedicine is a novel cationic liposome encapsulating a plasmid encoding 
the human wild-type SMARCB1 gene. The surface of liposome is decorated with TfRscFv, which allows the nanocomplex to 
target brain tumor cells that overexpress TfRs with exquisite specificity and actively ferry payloads across the BBB by virtue 
of the elevated expression of TfRs in the cerebral endothelium via TfR-mediated transcytosis.43 We have previously evaluated 
the in vivo distribution of scL nanocomplex carrying a fluorescence labeled oligonucleotide payload after a tail vein injection 
in tumor bearing mice.33 Ex vivo imaging of tumors and major organs revealed a selective tumor-targeting by scL 
nanocomplex and much lower delivery to other major organs. However, when control nanocomplex without tumor- 
targeting moiety or payload itself without delivery system were injected, a significantly lower uptake of payload was seen 
in the tumor while significantly higher fluorescence signal was observed in liver and kidney, demonstrating a superior tumor- 
targeting ability of scL nanocomplex. More importantly, we have also assessed the distribution of scL nanocomplex inside the 
brain in non-tumor bearing BALB/c mice with an intact BBB using scL nanocomplex carrying fluorescence (Cy5-) labeled 
oligonucleotide through tail vein injection.44 A strong Cy5 fluorescence signal was seen in several areas of mouse brain (eg, 
hippocampus, cortex, and cerebellum) as early as 6h post-injection, demonstrating that the scL nanocomplex has the ability to 
deliver payloads across the intact BBB after systemic administration in mice.

In our study, treatment with the scL-SMARCB1 nanocomplex successfully restored the expression of missing SMARCB1 
in SMARCB1-deficient ATRT cells both in vitro and in vivo. Restoration of functional SMARCB1, a potential tumor 
suppressor, resulted in ATRT cell death in vitro and inhibition of tumor growth and extension of animal survival in vivo 
demonstrating the antitumor efficacy of scL-SMARCB1 in ATRT treatment. This antitumor effect, following the functional 
restoration of SMARCB1, appears to stem from the transcriptional regulation of a number of genes involved in ATRT 
progression. For example, overexpression of SMARCB1 significantly decreased the expression of AURKA, an oncogene, and 
mitotic serine/threonine-protein kinase involved in mitosis. AURKA is a direct downstream target of SMARCB1-mediated 
repression in malignant rhabdoid tumor cells,45 and loss of SMARCB1 leads to aberrant expression of AURKA, which results 
in a weakened mitotic checkpoint, ultimately allowing ATRT to proliferate uncontrollably. Thus, suppression of AURKA by 
SMARCB1 restoration could be a potential mechanism by which scL-SMARCB1 treatment induces antitumor activity. In 
accordance with these data, AURKA inhibitors (eg, alisertib) are currently being studied as a single agent for treating ATRT in 
clinical trials.46

Although the ATRT genome is relatively stable with a low mutational burden, in addition to the characteristic alterations of 
SMARCB1, DNA methylation and gene expression profiling recently identified three subgroups of ATRT, ie: ATRT-MYC (MYC 
oncogene-driven), ATRT-SHH (activated sonic hedgehog signaling), and ATRT-TYR (active melanoma-associated genes).14,47,48 

These findings suggest that there might not be a singular molecular mechanism through which SMARCB1 universally functions 
as a tumor suppressor. Rather, the underlying mechanism of SMARCB1 in tumor suppression may vary depending on the ATRT 
subtype. In either case, the restoration of the defective or missing SMARCB1 gene is expected to reverse the effects of its 
inactivation. In our study, we used patient-derived cell lines (BT-12 and CHLA-06) that exhibit features that are more similar to the 
ATRT-MYC subgroup, with elevated expression of the MYC oncogene and activated MYC target genes. MYC, a key transcrip-
tion factor, is frequently deregulated in many human cancers and has been linked to chromatin regulation through its interaction 
with SMARCB1.49 Importantly, MYC and SMARCB1 bind to many common target genes and have opposing effects on gene 
expression in rhabdoid tumors.49 SMARCB1 can bind to promoters of MYC target genes to inhibit DNA-binding ability of MYC 
resulting in an impeded MYC-driven transcriptional activity.50 Therefore, exogenous SMARCB1 restored by scL-SMARCB1 
nanocomplex could block the deregulated MYC binding to and reverse the deregulated expression of MYC target genes. In our 
intracranial model of ATRT-MYC tumor (BT-12), RT-qPCR analysis revealed that scL-SMARCB1 treatment resulted in 
SMARCB1 expression and reversed the expression of MYC-repressed tumor suppressor and MYC-activated target genes, 
although MYC expression remained unchanged. Linked to SMARCB1 loss, MYC represses CDK inhibitor genes including 
CDKN1C and CDKN2A, allowing for a proliferative advantage in ATRT cells. In our study, exogenous SMARCB1 derepressed 
CDKN1C and CDKN2A, and arrested the growth of ATRT cells. Conforming to our data, CDKN1C has been shown to be 
a downstream target of SMARCB1 and tumor suppressor gene that prevented rhabdoid tumor growth.51 Another tumor 
suppressor gene CDKN2A has been shown to inhibit activity of the cyclin D1-CDK4 complex and CDK4 is MYC-activated 
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gene that was downregulated by scL-SMARCB1 treatment. Increased CDKN2A expression was accompanied by increased 
cellular senescence in BT-12 cells treated with the scL-SMARCB1 nanocomplex in vitro. Additionally, scL-SMARCB1 treatment 
upregulated the expression of MYC-repressed GADD45A, which has been shown to play a vital role in growth arrest52 and to 
strongly inhibit AURKA kinase activity.53 Collectively, these findings indicate that scL-SMARCB1 treatment can restore the 
function of SMARCB1 to fix deregulated MYC activities and inhibit unchecked growth of ATRT-MYC tumors.

Importantly, SMARCB1 loss also limits the efficacy of traditional anticancer treatments such as radiation and 
chemotherapy.23,24 To date, conventional-dose chemotherapy is not effective in most ATRT patients and high-dose che-
motherapy shows the potential to improve patient survival but with high toxicity and requires transfusion of autologous stem 
cells.41 Moreover, unacceptable adverse effects of radiation therapy for young children with brain tumors have led a number of 
institutions and national groups to adopt chemotherapy-based strategies designed to avoid or delay radiation therapy, despite 
radiation therapy being an integral part of managing brain tumors.54,55 Because ATRT often occurs in children under three 
years, radiation therapy is typically deferred, avoided, or dose reduced in order to avoid the associated neurocognitive 
toxicity.41 Thus, combination therapy that combines conventional modalities with a novel therapeutic agent is predicted to be 
advantageous in overcoming the limited efficacy of current ATRT treatments. We studied the effects of combining scL- 
SMARCB1 nanocomplexes with conventional anticancer treatment modalities. SMARCB1 restoration by scL-SMARCB1 
potentiated cisplatin therapy in SMARCB1-deficient ATRTs and significantly inhibited tumor growth with a survival benefit 
compared with cisplatin monotherapy in a mouse xenograft model. When the scL-SMARCB1 nanocomplex was added to 
radiation therapy, further enhanced efficacy was observed compared with radiation therapy alone, suggesting that scL- 
SMARCB1 could complement either cisplatin chemotherapy or radiation therapy. Notably, combining scL-SMARCB1 
with radiation therapy was more effective in inhibiting ATRT growth and improving survival than combining cisplatin with 
radiation therapy, similar to the currently used chemoradiation treatment regimens in human patients. More importantly, 
combining scL-SMARCB1 with radiation therapy prevented cisplatin-induced adverse effects (ie, hepatotoxicity and renal 
toxicity) observed in mice treated with cisplatin plus radiation therapy. Importantly, two nanomedicines in clinical develop-
ment for cancer gene therapy (ie, SGT-53 and SGT-94) based on the same tumor-targeted scL nanodelivery platform 
technology were well tolerated in Phase I clinical trials, suggesting the potential safety of scL-SMARCB1 treatment.56,57 

Our data suggest that scL-SMARCB1 treatment in combination with either cisplatin or radiation therapy is more effective than 
conventional cisplatin or radiation therapy as monotherapy, although the mechanism through which SMARCB1 potentiates 
either cisplatin or radiation therapy remains unclear and requires further investigation. It was recently reported that small- 
molecule inhibitors targeting AURKA could enhance the radiation sensitivity of ATRT cells36 and cisplatin-induced cell death 
in esophageal adenocarcinoma cells,58 suggesting that attenuation of AURKA expression by exogenous SMARCB1 restored 
by scL-SMARCB1 treatment could improve the efficacy of either radiotherapy or chemotherapy against SMARCB1-deficient 
ATRT. Moreover, functional restoration of SMARCB1 derepressed CDKN1C, a MYC-repressed tumor suppressor gene that 
has been shown to enhance cisplatin sensitivity via intrinsic mitochondrial apoptosis.59

Despite our data demonstrating a significant improvement in the survival of ATRT-bearing mice after a single cycle of 
treatment with a combination of scL-SMARCB1 and chemotherapy or radiotherapy, only a small fraction of mice 
achieved long-term survival. However, chemoradiation is usually administered over multiple cycles in the clinic. We 
anticipate that our combination treatment might lead to more long-term survival when administered in multiple treatment 
cycles; however, this hypothesis needs to be tested.

Complete loss of SMARCB1 expression has also been linked to malignant rhabdoid tumors (MRTs), one of the most 
aggressive childhood neoplasms of the kidneys and soft tissues that are associated with high mortality. Currently, there is 
no accepted standard therapy for MRT, and patients with MRT typically undergo surgical resection, chemotherapy, and 
radiation therapy with a very poor prognosis. Given the unique central role of SMARCB1 loss in initiating and 
maintaining the cancer phenotype, restoring SMARCB1 function via the scL-SMARCB1 nanocomplex offers great 
promise as a novel targeted therapy for MRT. In our study, treatment with the scL-SMARCB1 nanocomplex of the 
SMARCB1-deficient MRT cell line (A-204) showed strong antitumor effects in vitro whereas no demonstrable antitumor 
effects were observed in the SMARCB1-expressing MRT cell line (Hs729), demonstrating the antitumor efficacy of scL- 
SMARCB1 in the treatment of MRT, depending on the SMARCB1 status. Further investigation is needed to fully 
evaluate the antitumor efficacy of scL-SMARCB1 in MRT treatment.
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Conclusion
In summary, the scL-SMARCB1 nanocomplex offers a potential new treatment option for young children and infants 
suffering from ATRT. Treatment with scL-SMARCB1, possibly alongside chemotherapy or radiation therapy, may offer 
a much more effective and safer alternative to the traditional ATRT treatment regimens.
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