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Patients with osteosarcoma (OS), a debilitating pediatric bone
malignancy, have limited treatment options to combat aggres-
sive disease. OS thrives on insulin growth factor (IGF)-medi-
ated signaling that can facilitate cell proliferation. Previous
efforts to target IGF-1R signaling were mostly unsuccessful,
likely due to compensatory signaling through alternative
splicing of the insulin receptor (IR) to the proliferative IR-A
isoform. Here, we leverage splice-switching oligonucleotides
(SSOs) to mitigate IR splicing toward the IR-B isoform. We
show that SSOs can modulate cancer cell hallmarks and anoi-
kis-resistant growth. Furthermore, we engineered the SSO
sequence in an U7 snRNA packaged in an adeno-associated vi-
rus (AAV) to test the feasibility of viral vector-mediated gene
therapy delivery. We noted modest increases in IR-B isoform
levels after virus transduction, which prompted us to investi-
gate the role of combinatorial treatments with dalotuzumab,
an anti-IGF-1R monoclonal antibody. After observing additive
impacts on phosphoprotein phosphorylation and anoikis-resis-
tant growth with the dalotuzumab and SSO combination, we
treated OS cells with dalotuzumab and the AAVrh74.U7
snRNA IR virus, which significantly slowed OS cell prolifera-
tion.While these viruses require further optimization, we high-
light the potential for SSO therapy and viral vector delivery, as
it may offer new treatment avenues for OS patients and be
translated to other cancers.

INTRODUCTION
Osteosarcoma (OS), the most common pediatric bone sarcoma, is
characterized by a high propensity tometastasize, usually to the lungs,
bones, or lymph nodes, and an overall dismal prognosis for patients
with recurrent/relapsed tumors or distant spread.1–4 The 5-year sur-
vival rates for those with localized disease is as high as 70%, but this
figure decreases drastically to 20% for the 15%–20% of patients who
have identified metastatic disease at the time of diagnosis.1,5 With the
presence of undetectable micrometastases far before clinical interven-
Molecular
Published by Elsevie

This is an open access article under the CC BY-NC
tion and metastasis being the leading cause of mortality in OS and
cancers in general, there is a direct need to better understand the mo-
lecular processes that promote OS tumorigenesis and also contribute
to oncogenic spread.

A growing body of literature has identified various gene modules that
contribute to the proliferation, migration, and cell survival in OS;
among metabolic genes, the insulin receptor (IR) had the most signif-
icant impact on OS metastasis.6,7 Both IR and its closely homologous
family member insulin growth factor 1R (IGF-1R) have been repeat-
edly implicated in the progression and malignant transformation of
sarcomas, including OS.8–10 IGF-1R and IR are receptor tyrosine ki-
nases that are activated by ligand binding and signal through multiple
cascades, including Ras/Raf/MEK/ERK and PI3/AKT.9,11,12 The IGF-
1R binds ligands IGF-1 or IGF-2 to block apoptosis and promote cell
growth, but IR is a multifaceted receptor that undergoes alternative
splicing to either initiate proliferative or metabolic pathways.12 A
22-exon gene, IR is differentially spliced at exon 11 to generate two
distinct isoforms—namely, IR-B (includes exon 11) and IR-A (ex-
cludes exon 11). This exon, although only 36 nucleotides long and
encoding 12 amino acids, is instrumental in distinguishing IR-A
and IR-B’s abilities to bind the ligands IGF-2 and insulin.11 IR-B
binds insulin to mediate glucose homeostasis and is the predominant
isoform in adult tissues, such as the muscle, liver, and adipose tis-
sue.9,11–14 Although IR-A can also bind insulin, it has a fivefold higher
affinity to bind IGF-2, enabling it to be the primary isoform during
highly proliferative stages like fetal embryogenesis and cancer.9,11–15
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Since IGF-1R and IGF-2 upregulation is a common feature across
cancer types, the IGF-1R was the target of multiple clinical trials in
the 2000s.16,17 Anti-IGF-1R monoclonal antibodies (e.g., dalotuzu-
mab, figitumumab, and ganitumab) act by inhibiting IGF-1 and
IGF-2 from binding IGF-1R homodimers and IGF-1R/IR-A hetero-
dimers, and the promise they showed in vitro was sufficient to elicit
enthusiasm for phase III clinical trials across sarcomas and various
other cancers.16,18 Unfortunately, monotherapies against IGF-1R
were largely unsuccessful for the majority of sarcoma patients, and
subsequent studies in Ewing sarcoma, another pediatric bone sar-
coma, pointed to adaptive resistance through IR-A as a contributor
to the failure of these single-agent trials.12,19,20 Through modulation
of IR alternative splicing and upregulation of IR-A, cancer cells can
use IR-A homodimers and circulating IGF-2 to achieve the same
downstream proliferative pathways typically activated by IGF-1R
and IGF-1.19,20 This compensatory signaling warrants dual targeting
approaches that harness the potential of IGF-1R monotherapies and
novel therapies against IR-A.

Because the IR-A and IR-B isoforms are produced by a single exon
exclusion event, we have used splice-switching oligonucleotides
(SSOs) (also referred to as antisense oligonucleotides, or ASOs) to
modulate IR alternative splicing (in collaboration with Ionis Pharma-
ceuticals).21 SSOs are synthetic antisense RNA sequences that can
bind pre-mRNA to sterically hinder splicing factors from acting at
their regulatory elements, and they have been approved by the U.S.
Food and Drug Administration (FDA) to correct alternative splicing
events in spinal muscular atrophy (SMA) and Duchenne muscular
dystrophy (DMD).22–26 SSO synthesis, chemistry, and physicochem-
ical properties are critical elements in the characterization and valida-
tion of oligonucleotides as therapeutics. Specifically, we have tested IR
SSOs with a phosphorothioate (PS) backbone and a 20-O-methox-
yethyl (20MOE) modification. The feasibility and stability of multiple
ASOs in this generation (approximately 30 members) have been stud-
ied both in in vitro and in vivo scenarios and are by far the most un-
derstood of RNA-targeted drugs.27–29 Differing only in the sequence,
the members of each class of oligonucleotides have similar physico-
chemical characteristics and thus common pharmacokinetic and bio-
logical properties. Extensive studies in non-human primates and
healthy human volunteers have assessed the stability and safety of
20MOEASOs. Overall, 20MOEASOs manufactured by Ionis Pharma-
ceuticals at varying doses and treatment exposures do not impact liver
or kidney function, hematologic panels, or complement activation in
humans.30–32 They also demonstrate long-term tissue half-lives while
maintaining a potent splicing correction in mice and non-human pri-
mates receiving intrathecal or intracerebroventricular injections.33

Although sequence- and disease-specific effects may be observed
with any candidate oligonucleotide, 20MOE ASOs are generally stable
in human tissue and safe in in vivo models.

In our previous work, we described an approach to promote IR exon
11 inclusion by targeting the negative regulatory element CUG-BP1
(CELF1).34,35 We tested a series of 20MOE SSOs across the character-
ized CUG-BP1 binding site in IR intron 10 and identified a lead candi-
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date that significantly restored IR splicing from the IR-A isoform to
the IR-B isoform.21 SSO treatment reduced cell proliferation and
angiogenesis in rhabdomyosarcoma cell lines, as well as vessel stain-
ing in an in vivo matrigel plug assay for angiogenesis.21

We hypothesized that toggling IR alternative splicing toward IR-B
with an IR SSO candidate would be therapeutic in OS, a cancer that
capitalizes on IGF/IR signaling for oncogenesis and metastatic pro-
gression. In this work, we established that OS tumors predominantly
express the IR-A isoform and that SSO treatment specifically targets
the CUG-BP1 binding site to shift IR splicing toward the IR-B iso-
form, while also decreasing AKT phosphorylation and altering cancer
cell hallmarks like proliferation, growth in low adhesion, and
apoptosis. To investigate the feasibility of expressing the IR SSO
sequence in an AAV gene therapy model, we engineered the SSO
sequence in a U7 snRNA vector system and packaged it in AAVrh74,
which induced modest changes in IR-B levels but significantly
reduced OS cell proliferation when combined with the anti-IGF-1R
antibody dalotuzumab. Overall, our data identify the therapeutic ben-
efits of modulating IR alternative splicing through SSOs, highlight the
additive potential of splice-switching therapies in viral gene delivery
models and pre-existing IGF-1R drugs, and underscore a novel strat-
egy to mitigate cancer cell hallmarks in OS.
RESULTS
IR is alternatively spliced to the IR-A isoform in OS patient-

derived xenografts and cell lines

The IR, a 22-exon gene encoded on chromosome 19, is alternatively
spliced into two isoforms depending on the inclusion or exclusion
of exon 11 (IR-B or IR-A, respectively) (Figure 1A).36 The resulting
two isoforms differ in the downstream signaling that they trigger,
in part due to their ability to preferentially bind the ligands insulin
and IGF-2. While both IR protein isoforms bind insulin, IR-A addi-
tionally binds IGF-2 at a higher affinity than insulin, a property it
shares with the closely homologous IGF-1 receptor.37 Consequently,
the IR-B receptor mediates differentiation and metabolic signaling,
while the IR-A receptor affects growth pathways, motility, and angio-
genesis during embryogenesis and tumorigenesis (Figure 1A).12,14

IR-A is upregulated in multiple cancer types, and IGF-2-mediated
signaling through the IR-A receptor promotes increased proliferative
signaling through activation of RAS/Raf/MEK/ERK and PI3/AKT/
mTOR.12

To understand the impact of IR in OS tumors, we first analyzed its
gene expression in normal osteoblasts and pediatric OS tumor sam-
ples in the Sadikovic-14-rma_sketch_hugene10t dataset.38,39 We
found that the cumulative gene expression of IR is statistically signif-
icantly higher in OS tumors than osteoblasts (p < 0.0001) (Figure 1B).
We then profiled human patient-derived xenografts (PDXs) from pri-
mary and metastatic OS tumors and a panel of human OS cell lines
and observed that IR is preferentially spliced to the IR-A isoform
(Figures 1C and 1D). The upregulation of cumulative IR and predom-
inance of the IR-A isoform in OS highlight a therapeutic opportunity
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Figure 1. IR is alternatively spliced to the IR-A isoform in OS PDXs and cell lines

(A) Schematic depicting the exon 11 alternative splicing event in IR. The full-length isoform IR-B includes exon 11, whereas the cancer-related isoform IR-A lacks exon 11. The

IR-A and IR-B proteins are closely homologous to the IGF-IR, and they exhibit differential affinity for the ligands they bind. IGF-IR and IR-A bind IGF-2 to activate growth,

proliferation, and migratory signaling, whereas IR-B binds insulin to initiate metabolic and differentiation pathways. (B) Cumulative IR gene expression in normal osteoblasts

(n = 2) and human OS patient tumors (n = 12) in the Sadikovic et al.38 mixed OS dataset. Analysis was performed in the R2: Genomics Analysis and Visualization platform (****

p < 0.0001 by one-way ANOVA).39 (C and D) RT-PCR of IR alternative splicing in (C) PDX samples from unclassified, primary, and metastatic human OS tumors and

(D) osteoblasts (OB) and human OS cell lines. RT-PCR was performed on RNA extracted from these tissues, and the isoforms were amplified using primers indicated by the

black arrows in (A) and detailed in Table 1. The levels of IR-B is quantified as percent spliced in (PSI). GAPDH is shown in (C) as a loading control.
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for splice-modulating therapies that can toggle splicing toward the
IR-B isoform.

SSOs targeting the negative splicing regulator CUG-BP1’s

binding site robustly and specifically shift IR splicing from IR-A

to IR-B

The inclusion or exclusion of IR exon 11 to produce the IR-B or IR-A
isoforms is largely mediated by the positive and negative splicing reg-
ulators MBNL1 and CUG-BP1 (CELF1), respectively.34,35,40 While
CUG-BP1 binding induces exon 11 skipping, MBNL1 binding pro-
motes exon 11 inclusion. The IR pre-mRNA contains CUG-BP1
binding sites in both IR intron 10 and exon 11 and a MBNL1 site
in intron 11. We previously designed SSOs spanning these regulatory
elements to identify SSO candidates that could mask the binding of
CUG-BP1 and increase the inclusion of exon 11.21 Initially, we per-
formed an SSO “macro-walk” with six overlapping SSOs, each
different in five-nucleotide increments, across the entire CUG-BP1
binding site (40–50 bp). Two of these six SSOs, including SSO55,
significantly switched IR splicing toward IR-B. Next, we performed
a “micro-walk” of 20 consecutive SSO sequences at a two-nucleotide
resolution around the CUG-BP1 sequence complementary to SSO55.
Out of this panel in the micro-walk, we selected SSO55, the most
effective SSO to robustly switch IR alternative splicing in an IR mini-
gene system and in endogenous settings, as the lead candidate (Fig-
ure 2A).21 To test this SSO’s ability to modulate IR splicing in OS,
we transfected varying concentrations of SSO55 (denoted SSO) and
a control non-specific SSO (denoted "NS SSO72" or "NS") in multiple
OS cell lines and determined 100 nM to be the optimal dose that re-
sults in the IR splicing switch without ensuing toxicity (Figures 2B,
S1A, and S1B). We then observed that 100 nM SSO55 transfection
for 24 h in U2OS and OHS Luc-GFP(U2OS, derived from a primary
OS tumor; OHS Luc-GFP, derived from a primary tumor and trans-
duced with Luc-GFP) and 143.98.2-Luc-GFP cells (derived from the
metastatic parent cell line 143B and transduced with Luc-GFP)
yielded significant switching toward IR-B (p < 0.001 for all cell lines)
(Figure 2C).

To test the specificity of the SSO candidate to IR, we initially used both
NCBI-BLAST and Bowtie to confirm that SSO55 bound only the IR
genomic region and no other DNA sequences with 100% comple-
mentarity.21,43 We also confirmed that SSO55 did not have predicted
binding sites in global targets of CUG-BP1 regulation as identified by
Xia et al. (2017), and SSO55 transfection did not change the splicing
patterns of select genes from this list of targets (LMO7, PARD3, and
ZDHHC16).21,44 Additionally, we mutagenized the parent IR mini-
gene (denoted as IR Mg in Figure 2D) to create a CUG-BP1 mutant
minigene. The CUG-BP1 binding site has been characterized to a
35 base pair region, and the GU-rich consensus sequence of this
site (50UGUUUGUUGU-30) is similar to the element that the
SSO55 sequence targets.34,35,41,42 We generated a deletion mutant
that lacked seven nucleotides but retained greater than 50% sequence
complementarity with SSO55 (denoted as Mutant 1 in Figure 2D).
We transfected either the wild-type IR minigene or the deletion
mutant with 100 nM NS or SSO55 for 24 h in HeLa cells, the cell
line used in foundational studies that characterized the wild-type
minigene.34 While we observed a statistically significant switch to-
ward IR-B in the parent IR minigene after SSO55 treatment, there
was no significant difference in IR-B levels in the deletion mutant
Molecular Therapy: Oncology Vol. 32 December 2024 3
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Figure 2. SSOs targeting the negative splicing regulator CUG-BP1’s binding site robustly and specifically shifts splicing from IR-A to IR-B

(A) Schematic depicting the sequence of SSO55, our lead candidate, complementary to the IR intron 10 CUG-BP1 (CELF1) binding site. (B) Dose-response transfection of NS

SSO72 or SSO55 for 24 h in OS cell lines. RT-PCR was performed on RNA harvested from these cells, and IR isoforms were amplified using primers in exons 10 and 12 (see

Figure 1A and Table 1). (C) 100 nM NS SSO72 (“NS”) or SSO55 (“SSO”) in U2OS, 143.98.2 Luc-GFP, and OHS Luc-GFP cells for 24 h. A representative gel image shows IR

isoforms and the splicing switch in the NS and SSO conditions. Statistical significance was determined using a t test (n = 3 for both U2OS, 143.98.2 Luc-GFP, and OHS Luc-

GFP; *** p < 0.001). (D) Effect of NS/SSO55 treatment onwild-type IRminigene (IRMg) or CUG-BP1mutantminigene (Mutant 1) in HeLa cells. A deletionmutantwas created by

deleting seven nucleotides outside of the CUG-BP1 consensus sequence in the wild-type IR minigene to test the specificity of SSO55 for its target sequence.34,35,41,42 The

mutagenized plasmid was verified by Sanger sequencing. Then, NS/SSO55 and wild-type IR/the Mutant 1 minigene were co-transfected in HeLa cells for 24 h. RT-PCR on

RNA extracted from these cells and quantification of IR-B showed no statistically significant increase in IR splicing in the mutant minigene (n = 3 replicates, * p < 0.05, ns if

p > 0.05 by paired t test).
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minigene (p < 0.05 for IR Mg and p > 0.05 for the Mutant 1 Mg) (Fig-
ure 2D). We also investigated the effect of SSO55 on IR splicing at
much lower concentrations (10, 30, and 50 nM). For this study, we
used the wild-type minigene, the deletion mutant, and a substitution
mutant minigene (denoted as Mutant 2), where we replaced three
adenosines with thymidines to create discrete, single base pair alter-
ations that maintained the thermodynamic binding properties of
the wild-type sequence (Figure S2A). Here, we observed that lower
concentrations of SSO55 were able to switch splicing in only the
wild-type minigene but not in either mutant minigene in HeLa cells,
suggesting that the integrity of the SSO55 target sequence in the
CUG-BP1 binding site is essential for splicing modulation at lower
doses (Figure S2B). Altogether, these results demonstrate that the
splice-switching effect of SSO55 is specific to IR and occurs by target-
ing a key sequence element within the CUG-BP1 binding site.

The restoration of IR splicing to IR-B using SSOs targeting the IR

intron 10 CUG-BP1 site consequently alters cancer hallmarks in

OS cells

Upon ligand binding, both IR protein isoforms and IGF-1R execute a
vast downstream signaling network mediated by the master regulator
PI3/AKT.12,37,45 When insulin binds the IR-B receptor, phosphoryla-
tion of AKT activates a number of glucogenic andmetabolic pathways
through GSK3, AMPK, and GLUT4, among others, and simulta-
neously downregulates proliferative pathways via Ras/Raf/MEK/
4 Molecular Therapy: Oncology Vol. 32 December 2024
ERK, nuclear factor-kB, and JNK.12 Conversely, IGF-1 or IGF-2 bind-
ing to IGF-1R or IR-A respectively activate growth signaling and
silence metabolic functions.12

Because we observed statistically significant exon 11 inclusion upon
SSO55 transfection, we sought to determine whether this shift
affected the IR receptor’s downstream signaling mediators, such as
AKT. We transfected 100 nM NS or SSO55 in U2OS and 143.98.2
Luc-GFP cells and harvested RNA and protein at time points ranging
from 4 to 72 h after transfection. We observed that pAKT levels
decreased following SSO55 treatment in both U2OS and 143.98.2
Luc-GFP cells and that this decrease was time-dependent. The great-
est shift toward IR-B splicing and subsequent decrease in pAKT pro-
tein levels occurred in the window of 24–48 h in U2OS and 143.98.2
Luc-GFP cells (Figure S3). Decreased pAKT levels were maintained at
later time points, although the efficacy of exon 11 inclusion was
reduced most likely due to the dilution effect of overall SSO among
dividing cells.

OS tumors display a high plasticity and likelihood of dissemination
and metastasis, a process that requires the coordination of multiple
regulatory networks, many of which converge at PI3/AKT.1,6,7,46

Because our preliminary data showed that SSO55 decreases AKT
phosphorylation, we sought to determine whether SSO55 treatment
would also alter cancer cell hallmarks that promote tumorigenesis



Figure 3. SSO55 mitigates OS cancer cell hallmarks in vitro

(A) Proliferation curves of U2OS, 143.98.2 Luc-GFP, and OHS Luc-GFP cells transfected with 100 nMNS/SSO55. The proliferation assay measured cell confluency and was

performed using Incucyte software (p < 0.0001 by the Brown-Forsythe andWelch ANOVA tests). (B) GILA assay of U2OS, 143.98.2 Luc-GFP, and OHS Luc-GFP cells. Cells

were seeded and transfected with 100 nM NS/SSO55. After 24 h, all cells were reseeded at 10,000 cells/well in low attachment plates and incubated for five days. Sub-

sequently, 100 mL Cell Titer Glo was added to each well, and luminescence was measured the Promega GlowMax Plate Reader (integration time = 1 s) (n = 4–6 for each

condition, **p < 0.01, by paired t test). Cells treated with SSO55 show decreased cell growth in low adhesion conditions compared with the NS-treated controls. (C) Annexin 5

staining in 143.98.2 Luc-GFP cells treated with NS or SSO55 for 24–72 h (n = 3 for each condition, ***p < 0.0001 by unpaired t test). Cells were seeded, transfected with NS/

SSO55, and then collected and stained with Annexin 5, which was measured by flow cytometry (n = 3 for each condition, ***p < 0.001 by unpaired t test). Splicing data

corresponding to each time point is also shown. (D) qPCR analysis of apoptotic targets in U2OS and 143.98.2 Luc-GFP cells treated with NS or SSO55 for 48 h (n = 3 for

U2OS, n = 6 for 143.98.2 Luc-GFP, **p < 0.01, ***p < 0.001 by unpaired t test).

www.moleculartherapy.org
and metastasis. We first assessed differences in proliferation of OS
cells (measured by cell confluency) following 100 nM transfection
of either the control NS SSO or SSO55. We found that U2OS,
143.98.2-Luc-GFP, OHS Luc-GFP, and other OS cell lines treated
with SSO55 had significantly slower proliferation compared with
NS-treated cells over the course of five days (p < 0.0001 for U2OS,
143.98.2-Luc-GFP, and OHS) (Figures 3A and S1C). We also interro-
gated changes in anoikis, a key metastatic process when cells undergo
programmed cell death following detachment from the extracellular
matrix, via the growth in low attachment (GILA) assay.47 Briefly,
OS cells were transfected with 100 nM NS or SSO55, seeded in low
adhesion plates, and incubated for five days before luminescence
was measured (Figure 3B). Cells that received SSO55 were signifi-
cantly less likely to grow in low adhesion conditions, indicating their
inability to overcome anoikis as compared with cells treated with NS
SSO (p < 0.01 for U2OS and 143.98.2 Luc-GFP; p < 0.0001 for OHS)
(Figure 3B). These changes in cell confluency and growth in low adhe-
sion prompted us to profile changes in apoptosis via flow cytometry
and real-time qPCR. Annexin 5 recognizes cells that present phos-
phatidylserine on their outer membrane, a property associated with
early apoptosis and predictive of subsequent apoptotic processes,
and it can be used to identify and quantify cell death.48–50 We treated
143.98.2 Luc-GFP cells with NS SSO or SSO55 for 24–72 h and
stained them for annexin 5. We observed an increase in annexin
5-positive cells at 48 h after SSO55 transfection, which was sustained
at 72 h (p < 0.001 at 72 h) (Figure 3C). Additional qPCR validation of
a panel of apoptotic targets revealed significant upregulation of Noxa
and FAS after 48 h of SSO55 transfection in U2OS and 143.98.2
Molecular Therapy: Oncology Vol. 32 December 2024 5
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Luc-GFP cells (p < 0.001 for Noxa and p < 0.01 for Fas) (Figure 3D).
Noxa, a member of the BCL-2 family, is a pro-apoptotic BH3-only
protein that can induce apoptosis, reactive oxygen species accumula-
tion, and mitochondrial outer membrane permeabilization.51,52 The
FAS receptor, also known as CD95 or Apo1, is a death receptor that
triggers programmed cell death or apoptosis when it interacts with
its ligand FasL.53 The upregulation of FAS has been documented to
sensitize OS cells to chemotherapeutic drugs.54 In fact, the Fas recep-
tor and IR signaling pathways are interconnected through their roles
in apoptosis, cell survival, and metabolic regulation. Prior studies
have found that a decrease in AKT signaling triggers a FAS-depen-
dent apoptosis in cancer cells.55,56 Overall, our data indicate that
the modulation of IR splicing and subsequent attenuation of the
AKT pathway could be therapeutic via the induction of specific
apoptotic signaling cascades.

The IR SSO can be expressed as an antisense RNA in the U7

snRNA viral vector delivery system to switch IR splicing

ASO technology has revolutionized the treatment of genetic diseases
with genetic diseases with concomitant aberrant splicing events, such
as SMA and DMD.22–26 In both diseases, the use of SSOs to induce
exon inclusion or exclusion has corrected the splicing defect in key
genes (SMN1, DMD) and resulted in major therapeutic improve-
ments for patients. The FDA has approved over a dozen ASO thera-
pies for various genetic, cardiovascular, infectious, and metabolic dis-
orders, but many of them require local, repeated administration of the
therapies in the target tissues (muscle, CNS) to be effective.57 Further-
more, ASO biodistribution is largely biased to the liver, preventing the
target tissues from receiving the intended dose.58,59

To overcome the barriers surrounding in vivo delivery and to pro-
mote therapeutic SSO uptake in both cancer cells and sites of OS
metastasis, we turned toward delivery via viral vectors, specifically re-
combinant adeno-associated viruses (rAAVs) and the U7 small nu-
clear RNA (U7 snRNA) system. rAAVs are efficient delivery vehicles
and do not integrate into the genome. The FDA has approved their
use for SMA and other genetic diseases.60,61 The U7 small nuclear
ribonucleoprotein (snRNP) traditionally facilitates 30 end processing
of histone RNAs through a complementary sequence to the histone
downstream element (HDE) and is therefore not involved in spliceo-
somal processes.62 By modifying the HDE to a specific antisense
sequence targeting a region of interest and substituting the U7
snRNP-specific proteins (Lsm 10 and Lsm 11) with the consensus
sequence of proteins in the major spliceosome, the U7 snRNA can
efficiently deliver therapeutic antisense RNAs that localize in the nu-
cleus, where splicing occurs.62

As proof-of-principle of viral vector-mediated delivery of SSOs in can-
cer, we designed amodifiedU7 snRNAvector to express either the con-
trol NS or SSO55 sequence as an antisense RNA (Figure 4A). The
modified U7 snRNA contains its own promoter that drives the expres-
sion of the NS or SSO55 sequence, Sm-binding and loop sequences (to
induce the formation of a spliceosomal-like protein core that protects
the snRNA), and its 30 UTR.We validated two types of plasmids, where
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the U7snRNA-NS/SSO unit was encoded twice (p-N1, p-A1) or where
a single U7 promoter expressed the NS/SSO sequence four times inter-
spersed with a linker region (p-N2, p-A2) (Figure 4A). These viral plas-
mids were transfected with the IR minigene (see Figure 2D) in HeLa
cells, and IR isoform levels were measured after 48 and 72 h post trans-
fection to allow for sufficient expression of the plasmids (Figure 4B).
Compared with the p-N1 U7 control vector, the p-A1 vector promoted
a complete shift toward the IR-B isoform at both 48 and 72 h in two
replicate experiments, an effect that was comparable with the synthetic
SSO55 (Figure 4B). Additionally, while SSO55’s splicing switch was less
pronounced at 72 h, likely in part to the oligonucleotide’s dilution dur-
ing cell division, p-A1’s impact on IR-B levels was sustained.We conse-
quently selected the p-N1 and p-A1 U7 vector pair to be packaged in
rAAVs.

Different types of rAAVs (termed serotypes) are distinguished by
their surface antigens, and these features lead to selective tissue
tropism that can target rAAVs to specific tissues.60,61 However, this
advantage is offset by the prevalence of rAAVs in the general environ-
ment and acquired humoral immunity against them in humans.60,61

To anticipate future challenges with in vivo delivery, we proactively
tested the transduction efficacy of AAV-8 against AAVrh74, a sero-
type with a low seroprevalence of binding antibodies in humans, in
OS cells.63–65 We transduced AAVrh74-eGFP and AAV-8-eGFP in
U2OS and 143.98.2 cells at a multiplicity of infection (MOI) of 1E6
and observed GFP fluorescence over 5 days after transduction
(Figures 4C and S4). AAVrh74 was more efficiently transduced in
both cell lines compared with AAV-8 and was chosen as the pack-
aging serotype for the U7 snRNA candidate plasmids (p-N1, p-A1).

When compared with AAVrh74.U7-N1, transduction of
AAVrh74.U7-A1 at higher MOIs yielded modest but significant
IR-B: IR-A splicing shifts at the 72-h time point in U2OS and
143.98.2 Luc-GFP cells (MOI 5E6 for U2OS, MOI 5E6 and 1E7 for
143.98.2 Luc-GFP) (Figure 4D). We noted that the impact of
AAVrh74.U7-A1 on IR-B isoform levels was not as pronounced as
SSO55. Previous applications of U7 snRNA-mediated antisense RNA
expression for splicing events were in the context of genetic diseases,
which usually have less dynamic microenvironments than cancer.66

Future studies to optimize the AAV.U7snRNA viral vectors will focus
on observing longer transduction periods than what is shown in this
work, addressing unequal cell-to-cell transduction efficiency, testing
the strength of the U7 snRNA and stability of the antisense RNA,
and considering the tumor microenvironment’s impact on viral trans-
duction and antisense RNA’s expression from an U7 snRNA vector.

The IGF-1R antibody dalotuzumab acts additively with SSO55 to

modulate phosphoprotein phosphorylation and with

AAVrh74.U7snRNA to slow OS cell proliferation

Because we observed only a modest splicing shift toward IR-B upon
AAVrh74.U7 snRNA virus transduction, we considered whether this
small increase could be leveraged with an anti-IGF-1R therapy. To
this end, we investigated the combination of SSO55 or later the
AAVrh74.U7snRNA virus with the IGF-1R monoclonal antibody



Figure 4. SSO55 can be expressed as an antisense RNA in an AAV.rh74 U7 snRNA vector to modulate IR splicing in OS

(A) Schematic of the viral plasmid that expresses either the NS SSO or SSO55 sequences downstream of the U7 promoter. The histone binding elements of the native U7

snRNP have been replaced with spliceosomal components (Sm binding and loop sequences) to facilitate entry into the nucleus. The resulting NS or SSO55 sequences are

expressed as antisense RNAs. Two types of viral vectors were manufactured by VectorBuilder: 1) p-N1 (encoding NS) and p-A1 (encoding SSO55) were viral plasmids with

the U7-SSO-stuffer sequence unit repeated twice, and 2) p-N2 (encoding NS) and p-A2 (encoding SSO55) had a single U7-stuffer unit with four SSO repeats interspaced by a

linker region. (B) Transfection of the IR minigene and viral plasmids p-N1, p-A1, p-N2, p-A2 in HeLa cells to test their efficacy in switching IR splicing. We transfected 3 mg of

the IR minigene and viral plasmid in HeLa cells using Lipofectamine 3000. Cells were harvested for RNA after 48 and 72 h to allow sufficient time for plasmid expression.

Minigene-specific primers were used to only measure the splicing of the minigene and not endogenous IR (see Table 1). Based on n = 2 replicates shown on the right, the p-

N1 and p-A1 plasmids were selected to be packaged into AAVs. (C) Transduction of rAAV serotype 8 (AAV8) rh74 (AAVrh74) in OS cells. U2OS and 143.98.2 cells were

transduced with AAV-8-eGFP or AAVrh74-eGFP empty vectors at a MOI of 1E6 and observed for up to five days post viral infection. GFP fluorescence was observed on a

fluorescent microscope (scale bar, 400 mM). (D) Transduction of AAVrh74.U7snRNA-N (expressing p-N1) and AAVrh74.U7snRNA-A (expressing p-A1) viruses in U2OS and

143.98.2 Luc-GFP cells. Cells were transduced with virus at MOIs 1E6, 5E6, and 1E7, and IR splicing was measured after 48 and 72 h of transduction (n = 4 replicates,

*p < 0.05, **p < 0.01, ***p < 0.0001 by ordinary one-way ANOVA).
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dalotuzumab (also known as MK0646), a humanized antibody that
specifically inhibits IGF-1/IGF-2 binding to IGF-1R homodimers
and prevents downstream activation of PI3/AKT and Ras/Raf/MEK/
ERK signaling.16,67 Like other IGF-1R antagonists, dalotuzumab’s
modest therapeutic benefit in patients and overall failure as a prospec-
tive treatment for IGF-driven cancers was in part attributed to IR alter-
native splicing and PI3-AKT signaling via IR-A.16,18,20 Therefore, we
hypothesized that co-targeting of the IGF-1R and IR-A receptors
with dalotuzumab and SSO55 or AAVrh74.U7snRNA, respectively,
would be a therapeutic combination in OS cells.

To ascertain the individual and combined effects of dalotuzumab with
SSO55 on OS cells, we performed a phosphorylation array on a broad
spectrum of human phosphoproteins. We selected the metastatic cell
line 143.98.2 Luc-GFP for the array and transfected cells with 100 nM
NS or SSO55 in combination with dalotuzumab (Figure 5A). Because
we observed the largest shift in AKT phosphorylation in this cell line
at 48 h after SSO transfection (see Figure S3), we harvested these ly-
sates at 48 h and incubated them on a multiplex antibody array of 37
human phosphoproteins (spotted in duplicate) to measure relative
phosphorylation (Figures 5A, 5B, and S5A). The array contained
AKT 1/2/3 (S473 and T308), ERK 1/2 (T202/Y204, T185/Y187),
and GSK-3a/b (S21/9) as known targets in the IR-A signaling
pathway (Table 2). Surprisingly, the addition of dalotuzumab with
either NS or SSO55 abrogated phosphorylation of all but a few pro-
filed phosphoproteins compared with SSO55 treatment alone (shown
in Figure 5B and quantified in Figure S5B). AKT phosphorylation was
minimally changed after SSO55 treatment alone and almost
Molecular Therapy: Oncology Vol. 32 December 2024 7
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Figure 5. The IGF-IR monoclonal antibody dalotuzumab alters human phosphoprotein phosphorylation in combination with SSO55 and slows OS cell

proliferation with AAVrh74.U7snRNA viruses

(A) Experimental design of transfection and dalotuzumab (indicated as IGF-1R Ab throughout figure) treatment in 143.98.2 Luc-GFP cells to profile a panel of human

phosphoprotein. The 48 h time point was selected due to the IR-B splicing switch and concomitant pAKT decrease previously observed in Figure S3. (B) Selected phos-

phoprotein spots (in duplicate) shown in the four treatment conditions: 100 nMNSonly, 100 nMSSO55 only, 100 nMNS+ dalotuzumab, and 100 nMSSO55 + dalotuzumab.

Relative mean pixel density of each phosphoprotein duplicate is shown to the right. Quantification was performed in ImageJ by calculating relative pixel density of each spot

and averaging the duplicates. The negative control on each membrane (PBS) was quantified and subtracted from the averaged values as background. The complete images

and quantifications of the array membranes are shown in Figures S5A and S5B and annotated in Table 2. (C) GILA assay of U2OS and OHS cells treated with NS or SSO55

alone or in combination with dalotuzumab. Cells treated with SSO55 alone or with dalotuzumab show decreased cell transformation compared with the NS- or NS +

dalotuzumab-treated controls (n = 4–6 for each condition, **p < 0.01, ****p < 0.0001 by one-way ANOVA). (D) Experimental design of proliferation assay with dalotozumab

and AAVrh74.U7snRNA viruses. Cells were incubated in low serummedia for 24 h after transduction and then in full serummedia for the duration of the assay. Dalotuzumab

was replaced during media changes every 48 h. (E) Proliferation curve of U2OS transduced with AAVrh74.U7snRNA-N and rAAVrh74.U7snRNA-A viruses alone or in

combination with dalotuzumab. Cells that received AAVrh74.U7snRNA-A + dalotuzumab showed significantly slower proliferation than other treatment conditions

(**p < 0.01, ***p < 0.001, or ****p < 0.0001 by paired t test).
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Table 1. Primer sequences

Primer name Sequence (50-30)

Endogenous IR exon 10, forward GGCTGAAGCTGCCCTCGAG

Endogenous IR exon 12, reverse GCGACTCCTTGTTCACCACC

IR minigene exon 10, forward TAATACGACTCACTATAGGGC

IR minigene exon 12, reverse GCTGCAATAAACAAGTTCTGC

IR deletion minigene (mutagenesis, forward) GGCCTCCAAGTGTCAGAGTCTGTCTAATGAAGTTCC

IR deletion minigene (mutagenesis, reverse) GGAACTTCATTAGACAGACTCTGACACTTGGAGGCC

IR substitution minigene (mutagenesis, forward) TCATTAGACAGACCACAGGGCACAGACACTTGGAGGCCAC

IR substitution minigene (mutagenesis, reverse) GTGGCCTCCAAGTGTCTGTGCCCTGTGGTCTGTCTAATGA

Puma (forward) CCCTGGAGGGTCCTGTACAA

Puma (reverse) CTCTGTGGCCCCTGGGTAA

Bax (forward) CCCCGAGAGGTCTTTTTCCG

Bax (reverse) GGCGTCCCAAAGTAGGAGA

Noxa (forward) GCTGGAAGTCGAGTGTGCTA

Noxa (reverse) CCTGAGCAGAAGAGTTTGGA

Fas (forward) GGGGTGGCTTTGTCTTCTTCTTTTG

Fas (reverse) ACCTTGGTTTTCCTTTCTGTGCTTTCT
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completely abolished with the addition of dalotuzumab. Since SSO55
facilitates IR-B splicing, we hypothesized that this would increase the
activation of metabolic protein targets and partners. We congruently
observed an increase in GSK-3a/b and GSK-3b phosphorylation after
SSO55 alone and with dalotuzumab. ERK1/2 phosphorylation
initially increased with SSO55 treatment, which may be due to consti-
tutive Ras activation from Kirsten murine sarcoma virus infection in
143.98.2 Luc-GFP’s parent cell line 143B.68,69 Despite this, the addi-
tion of dalotuzumab reduced ERK1/2 phosphorylation in both the
NS and SSO55 conditions. We also identified a number of additional
phosphorylated targets affected by SSO55 treatment that will be can-
didates for future studies to assess SSO55’s impact on diverse
signaling pathways and heat shock responses, among others (Fig-
ure 5B). To verify the phosphoarray findings in a cell line without
constitutive Ras activation, we profiled the impact of SSO55 and da-
lotuzumab on pGSK-3a/b protein in U2OS cells. Indeed, we observed
that protein levels of GSK3a/3b, a known substrate of AKT that par-
ticipates in metabolic signaling, increase modestly in SSO55-treated
U2OS cells compared with NS-treated cells, and this effect is
enhanced with the addition of dalotuzumab (Figure S5C).12,70

Based on the distinct phosphorylation changes in a variety of phos-
phoproteins that was induced by the combination of SSO55 and da-
lotuzumab rather than SSO55 alone, we examined whether these two
agents would also change properties of anoikis in OS cells. We
repeated the GILA assay in OS cells and observed that simultaneous
treatment with SSO55 and dalotuzumab statistically significantly
decreased growth in low adhesion compared with control cells (p
% 0.05 for U2OS and 143.98.2) (Figures 5C and S6A), highlighting
that dalotuzumab could enhance SSO55’s favorable effects on cancer
cell hallmarks.
Our phosphoarray and GILA results suggested that dalotuzumab’s
widespread impact on downstream signaling in both NS- and
SSO55-treated cells may be a favorable mechanism to augment the
modest increase in IR-B levels observed with the AAVrh74.U7
snRNA virus. We treated both U2OS and 143.98.2 Luc-GFP cells
with dalotozumab and the AAVrh74.U7 snRNA control or IR viruses,
with the caveat that Rh74-eGFP more efficiently transduced U2OS
cells than 143.98.2 Luc-GFP cells and the former would be the
more reliable cell line to measure cell proliferation (Figures 4C, 5D,
and S6B). To maximize the number of U2OS cells that would be
transduced, we used an MOI of 1E7 and observed that
AAVrh74.U7-A and dalotuzumab (indicated as IGF-1R Ab in the
figure) were more effective in significantly slowing OS cell prolifera-
tion (measured by cell confluency) than the virus alone or the control
virus with dalotuzumab (p < 0.0001 in all conditions) (Figure 5E).

In comparison with AAVrh74.U7snRNA transduction, SSO transfec-
tion was highly efficient in significantly switching IR splicing toward
the IR-B isoform, which was also sufficient to reduce proliferation and
anoikis-resistant growth. However, in the absence of a major splicing
correction, combinatorial therapy wherein we can target both the
IGF-1R and IR-A, as illustrated through the dual use of dalotuzumab
and AAVrh74.U7snRNA IR virus, might be additive and elicit anti-
tumorigenic molecular and functional changes in cancer cells.

DISCUSSION
Alternative splicing is a pivotal biological process that enables genes
to generate multiple protein isoforms, contributing to transcript vari-
ation and proteome diversity. However, recent advancements in high-
throughput sequencing have revealed that splicing deregulation,
which impacts a wide array of genes, plays a substantial role in various
Molecular Therapy: Oncology Vol. 32 December 2024 9
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Table 2. Human proteome phosphokinase phosphoarray (R&D Systems)

Coordinate Phosphokinase Phosphorylation site

Membrane A

A1, A2 reference spot –

B3, B4 CREB S133

B5, B6 EGFR Y1086

B7, B8 eNOS S1177

B9, B10 ERK1/2 T202/Y204, T185/Y187

C3, C4 Fgr Y412

C5, C6 GSK-3a/b S21/S9

C7, C8 GSK-3b S9

C9, C10 HSP27 S78/S82

D3, D4 JNK 1/2/3 T183/Y185, T221/Y223

D5, D6 Lck Y394

D7, D8 Lyn Y397

D9, D10 MSK1/2 S376/S360

E3, E4 p38a T180/Y182

E5, E6 PDGF Rb Y751

E7, E8 PLC-g1 Y783

E9, E10 Src Y419

F3, F4 STAT2 (pY690)

F5, F6 STAT5a/b Y694/Y699

F7, F8 WNK1 T60

F9, F10 Yes Y426

G1, G2 reference spot –

G3, G4 B-catenin –

G9, G10 PBS (negative control) –

Membrane B

A11, A12 Akt 1/2/3 T308

A13, A14 Akt 1/2/3 S473

A17, A18 reference spot –

B11, B12 Chk-2 T68

B13, B14 c-Jun S63

C11, C12 p53 S15

C13, C14 p53 S46

C15, C16 p53 S392

D11, D12 p70 S6 kinase T389

D13, D14 p70 S6 kinase T421/S424

D15, D16 PRAS40 T246

Protocol, phosphoarray coordinates, and template: https://resources.rndsystems.com/
pdfs/datasheets/ary003c.pdf?_ga=2.111712964.1319397147.1706157690-1571267669.
1695235735.
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hallmarks of the tumorigenic process, including angiogenesis and
metastasis.71,72 It is imperative that to understand the mechanistic de-
tails of cancers as well as to treat them effectively, we tap into this level
of regulation and identify splicing targets that contribute to
tumorigenicity.
10 Molecular Therapy: Oncology Vol. 32 December 2024
While the introduction of chemotherapy has greatly improved OS pa-
tient survival since the disease was first described in the 1950s, the
overall treatment regimen and the dismal outlook for patients with
metastases has remained stagnant.73 The IGF-2/AKT pathway is
highly upregulated in all OS patients, and copy number gains of the
IGF-1R gene have been found in OS patients with corresponding
IGF-1R overexpression.74 Additionally, IGF-2 is also known to pro-
tect OS cells against chemotherapy.75 However, unfortunately the in-
hibition of IGF-1R using monoclonal antibodies like cixutumumab or
dalotuzumab or even with tyrosine kinase inhibitors has not resulted
in successful tumor remission.20 Enzymatic quantification has shown
that the alternatively spliced IR-A receptor demonstrates increased
binding affinity for IGF-2 as compared with the full-length IR-B re-
ceptor.15 As such, in the setting of anti-IGF-1R monotherapy, the
IGF-2:IR-A signaling pathway could be contributing to lack of clinical
success as it circumvents IGF-1R inhibition and promotes oncogenic
growth responses.19,20

In this work, we have shown that IR-A is the dominant isoform in OS
tumors, and induction of the IR-B isoform with our IR SSO candidate
across multiple OS cell lines resulted in changes in cell proliferation,
GILA, and apoptosis. To advance the use of SSO technology in cancer,
which currently has limitations in delivery to target tissues and bio-
distribution, we engineered the IR SSO as an antisense RNA in a
rAAV vector with a U7 promoter.57–59 This approach has been
used to deliver ASOs in genetic diseases but has not yet been reported
in a cancer model to our knowledge.62,76–78 The transduction of OS
cells with AAVrh74.U7snRNA virus resulted in a modest but signif-
icant splicing shift from IR-A to IR-B, which prompted us to
investigate the potential for combinatorial treatment regimens with
the anti-IGF-1R monoclonal antibody dalotuzumab. We found that
dalotuzumab acted in an additive manner with our SSO to alter phos-
phokinase phosphorylation and anoikis-resistant growth. Addition-
ally, dalotuzumab enhanced the effect of the AAVrh74.U7snRNA vi-
rus to slow OS cell proliferation.

Multiple classes of RNA therapeutics have been shown to impact the
expression of disease-causing genes—ASOs, siRNAs, microRNAs,
and CRISPR-Cas9, to name a few.79 Within these classifications,
ASOs (also known as SSOs) have received the most support for clin-
ical applications from the FDA, with 10 therapeutics receiving
approval as of 2020.80–82 We have characterized the use of a sec-
ond-generation SSO with a PS backbone and 20MOE modification
on the ribose sugars to modulate IR splicing and induce functional
changes in OS cells. The PS backbone stabilizes the ASOs to nuclease
degradation, reduces hydrophobicity, and enhances protein binding,
properties that helps increase cell uptake and intracellular distribu-
tion.83,84 The 20MOE modification improves pharmacokinetics, in-
creases the half-life of these ASOs, and enhances binding affinity to
target RNA. These synthesized oligonucleotides thus exhibit
increased binding to serum proteins such as albumin, which main-
tains them in circulation long enough for tissue distribution.
Following intravenous or subcutaneous administration, the phase of
distribution from plasma to tissues ranges from minutes to a few

https://resources.rndsystems.com/pdfs/datasheets/ary003c.pdf?_ga=2.111712964.1319397147.1706157690-1571267669.1695235735
https://resources.rndsystems.com/pdfs/datasheets/ary003c.pdf?_ga=2.111712964.1319397147.1706157690-1571267669.1695235735
https://resources.rndsystems.com/pdfs/datasheets/ary003c.pdf?_ga=2.111712964.1319397147.1706157690-1571267669.1695235735
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hours, followed by a prolonged elimination phase that can last for
several weeks. Additionally, oligonucleotides containing both PS
and sugar modifications such as 20MOE have tissue half-lives
measured in weeks.85 PS and MOE-modified single-stranded ASOs
can be administered by all routes, and their oral bioavailability and
absorption profiles have been demonstrated in animals and
humans.85,86

Of note, SSOs, specifically those with unmodified chemistries, have
been previously described to impact Toll-like receptors (TLRs) 3, 7,
8, and 9 and mounting of innate immune responses.87 However,
the addition of sugar moieties and other modifications has been
shown to abrogate an innate immune response that may be triggered
through TLR and interferon signaling.81,88 To further develop SSOs as
a viable therapeutic option in OS and other cancers, our future studies
will focus on SSO55’s impact on gene expression, including immune
genes, to elucidate potential off-target effects after IR splicing
modulation.

Our in vitro success of mitigating some cancer cell hallmarks with
SSO treatment, compounded with our desire to address barriers of
SSO therapy (such as targeted delivery to tumors) in cancer, promp-
ted us to engineer the IR SSO55 sequence as a transgene expressed via
the U7 snRNA AAV gene therapy tool. While AAVrh74.U7snRNA
did not switch IR splicing as efficiently as the synthetic SSO, the
chemistry of the oligonucleotide versus the antisense RNA produced
from the AAV or the strength of the U7 promoter could impact its
efficacy. It is unclear how effective the U7 promoter is in driving
downstream antisense sequence expression in cancer. Tumor cells
are comparatively more hypoxic and nutrient starved than healthy
cells, and these stresses can be used as leverage in gene therapy to
selectively activate transgene expression.89 In the case of spliceosomal
snRNPs, modified U7, U6, and U1 snRNAs are all capable of deliv-
ering antisense sequences to the nucleus.90–92 However, unlike U7,
U1 and U6 are abundant core components of the spliceosome, which
may interfere with the efficacy of modified U1 and U6 snRNAs used
as gene therapy.66

In addition to our choice of promoter, our AAVrh74.U7 snRNA vi-
ruses may have demonstrated fewer splice-switching capabilities
due to choice of serotype and AAV capsid design. While we selected
AAVrh74 due to the low seroprevalence of binding antibodies in hu-
mans and prior successful use in DMD gene therapy development, the
U7 snRNA vectors could theoretically be packaged into one of several
other studied AAV serotypes that may be more efficiently transduced
in OS cells or transforming osteoblasts.61,63,65,93–96 Further optimiza-
tion of the viral capsid may also be key in increasing delivery effi-
cacy.60,89 The viral capsid can be enhanced through the use of adap-
tors or bispecific antibodies that interact with cell surface receptors or
inserting target cell-specific moieties in the viral capsid.89,97 Prior
studies have shown that OS cells express epidermal growth factor re-
ceptor (EGFR), fibroblast growth factor receptor, vascular endothelial
growth factor receptor, avB3 and avB5 integrins, and transferrin, and
any of these proteins could improve AAV attachment and entry
in OS.98

Taken in the context of emerging therapies for OS, the approach of
using SSOs and AAV-mediated delivery has the same goals as immu-
notherapies (monoclonal antibodies and chimeric antigen receptor
[CAR]-T cell therapy, to name a few), and small molecule inhibi-
tors—to modulate OS cell expression and sensitize it to other chemo-
therapeutic agents or a host-mediated immune response.99,100 OS tu-
mors demonstrate intra- and inter-tumor heterogeneity and
numerous molecular alterations that induce metastatic transforma-
tion, making regimens that target OS-specific surface markers and
disease-causing pathways a therapeutic necessity.101,102 Multiple
studies and clinical trials have focused on OS surface proteins by us-
ing immune checkpoint inhibitors and T cell therapy targeting PD-1/
PD-L1 and CTLA-4, bispecific T cell engagers targeting GD2, and
CAR-T cell therapy with HER2 and dextrotecan.99,100,103–105 While
these immunomodulatory therapies have shown initial preclinical
and clinical promise for OS, issues with tumor specificity and immu-
nosuppressive microenvironment remain.99,100,103 Additional
described approaches include direct targeting of the DNA damage
repair, angiogenesis, and other molecular pathways enriched in OS
(reviewed in106–108). Excitingly, monoclonal antibodies aimed at the
mTOR pathway (sirolimus and related drugs) and multi-level inhibi-
tion of receptor tyrosine kinases (EGFR, platelet-derived growth fac-
tor, IGF-1R, and vascular endothelial growth factor receptors, to
name a few) have been especially helpful for patients with unresect-
able or relapsed disease.99,108 To this end, mitigating IGF-1R/IR
signaling via SSOs/AAV.U7 snRNA viruses and anti-IGF-1R anti-
bodies is a new approach to deregulating key growth pathways at
the level of pre-mRNA and protein in OS. Nevertheless, further
in vitro and in vivo characterization of the IR SSO and
AAVrh74.U7 snRNA viruses presented in our work are paramount
to characterizing their efficacy and clinical utility as therapeutics,
both alone and in combination with IGF-1R inhibitors, chemother-
apies, and/or immunotherapies.

Altogether, we offer SSOs as a modality to switch IR alternative
splicing toward the non-proliferative IR-B isoform and to be com-
bined with anti-IGF-1R therapies. Our results demonstrate that
SSOs can mediate cancer cell hallmarks, suggesting that modulating
alternative splicing has the power to shift cancer cells away from
oncogenic, proliferative signaling and sensitize them to chemothera-
peutics or other agents. Importantly, our perspective on advancing
SSO therapeutics through viral vector delivery is an innovative
approach that still requires further design optimization and consider-
ation of the dynamic tumor microenvironment, heterogeneity of tu-
mor cells, or complexity of the coordinated gene networks that pro-
mote tumorigenesis. Our results shed light on the role of IR
alternative splicing in cancer and the testing of novel therapeutics
against disease-inducing splicing events, an approach can be trans-
lated to other cancers to improve the clinical outcomes in pediatric
populations.
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MATERIALS AND METHODS
Cell lines and PDXs

Cells and cell culture

The human cell lines Saos-2 (HTB-85, OS), U2OS (HTB-96, OS),
SJSA-1 (CRL-2098, OS), HeLa (CRM-CCL-2, cervical adenocarci-
noma) were obtained from American Type Culture Collection (Man-
assas, VA). OS-17, OS-25, and OHS were kind gifts from Ryan Rob-
erts (Nationwide Children’s Hospital, Columbus, OH). The OS cell
line 143.98.2 was obtained from ATCC (CRL-11226). The 143.98.2
and OHS cells were transduced with firefly luciferase-T2A-GFP ex-
pressing lentiviral vector (PLV-10172, Cellomics Technology, Hale-
thorpe, MD) and selected with 0.75 mg/mL puromycin for 2 weeks
to become stable reporter cell lines named 143.98.2-Luc-GFP and
OHS-Luc-GFP. OS-17, OS-26, OHS, Saos-2, U2OS, and SJSA-1
were cultured in RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. HeLa and 143.98.2
Luc-GFP were cultured in DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin. All cell lines were verified by short
tandem repeat genotyping and confirmed to be free of mycoplasma
by IDEXX Bioanalytics or in-house mycoplasma testing.

PDXs

PDXs 1–6 (OS) were obtained as snap-frozen vials of tissue chunks
from the Tumor Core at Nationwide Children’s Hospital (Columbus,
OH). Tissues were designated as derived from primary or metastatic
tumors by the Tumor Core at Nationwide Children’s Hospital. The
tissue specimens were ground using a mortar and pestle in liquid ni-
trogen. Approximately 1000 ng RNA was then extracted from the
specimens using the RNeasy (Qiagen, Cat# 74106, Hilden, Germany).
Reverse transcription (RT) was performed using approximately 1 mg
RNA as described by Jacob et al. (2013).109
Plasmids and minigenes

The IR 10-11-12 minigene was a kind gift from Nick Webster.110 The
IRmutant and substitutionminigenes were generated using the Quik-
change Lightning mutagenesis kit (Agilent, Cat# 210519, Santa Clara,
CA) and primers listed in Table 1.
RNA isolation, RTs, and PCRs and quantitative real-time PCRs

RNA was isolated from cells using the RNeasy Plus Mini Kit (Qiagen,
Cat#74134). RT reactions were performed with 500–1000 ng of RNA
using Transcriptor RT enzyme (Sigma Aldrich, Cat# 03531287001,
Burlington, MA) or SuperScript IV Reverse Transcriptase (Invitro-
gen, Cat# 18090010, Carlsbad, CA). PCRs for endogenous IR were
performed using primers in Exons 10 and 12 (see Table 1 for se-
quences) that distinguished the IR-A (135 bp) and IR-B (160 bp)
isoforms. PCRs for the IR minigene were performed using mini-
gene-specific primers in Exons 10 and 12 that would not pick up
the endogenous IR (see Table 1 for sequences). PCRs were performed
with the following program unless specified otherwise: 94�C for
5 min, 35 cycles of 94�C for 30 s, 65�C for 30 s, 72�C for 1 min,
and 72�C for 7 min. PCR products were then run on a 2% agarose
12 Molecular Therapy: Oncology Vol. 32 December 2024
gel at 150 V for 105 min and visualized on a Gel Doc XR + Gel Docu-
mentation System (Biorad, Hercules, CA).

All real-time qPCR reactions were performed with standard PCR
conditions using a CFX96 Touch Real-Time PCR Detection system
(Biorad). Real-time PCR reactions were carried out using the SYBR
Green PCR Master Mix (Applied Biosystems, Cat# 4309155, Wal-
tham, MA). The primers used to amplify the apoptosis target tran-
scripts have been listed in Table 1. All PCR reactions were carried
out with at least three technical replicates, and the amplification of
single PCR products in each reaction was confirmed using a dissoci-
ation curve.

Dalotuzumab, SSOs, and transfections

Dalotuzumab (also known asMK-0646) was kindly provided by Peter
Houghton and later purchased from Med Chem Express (Cat# HY-
P99284, Monmouth Junction, NJ). For experiments involving dalotu-
zumab, 0.04 mg was added to cells with 1 mL of fresh media. Cells
were then incubated for 30 min before harvest or received fresh
media + dalotuzumab every 48 h.

The SSO targeting CUG-BP1 in intron 10 of the IR gene and a non-
specific control SSO have been previously described by Khurshid
et al.21 (2022) and were kindly manufactured by Ionis Pharmaceuti-
cals. The SSO55 sequence is 50-CACAGTCTCGGGTCACCA-30,
and the NS SSO72 sequence is 50-TTAGTTTAATCACGCTCG-3’.

For transfections, cells were seeded in the appropriate media in six-
well plates and transfected with 10 mL Lipofectamine 2000 (Invitro-
gen, Cat# 11668500) in 1 mL OptiMEM media unless otherwise
stated. After a 4 h incubation, OptiMEM was removed and replaced
with the appropriate media for each cell line.

Functional assays

Proliferation

U2OS and 143.98.2 cells were treated with 100 nMNS and SSO55 (us-
ing Lipofectamine 2000) and placed in IncuCyte for 60–72 h. The
IncuCyte (Sartorius, Göttingen, Germany) allows for live cell imaging
and images cells after every 2–4 h. The data was collected at the end of
72 h and plotted in Prism.

GILA assay

Cells were seeded in six-well plates (Corning, Cat# 7007, Corning,
NY) and transfected the following day with 100 nM NS or SSO55
as described above. After 24 h, cells were stained with Trypan blue
(Gibco, Cat# 1520061, Grand Island, NY) and counted using a hemo-
cytometer. Cells were then reseeded in an ultra-low attachment
96-well plate (Corning, Cat# 3474) at a concentration of 10,000
cells/well and incubated at 37�C for 5 days. On day 5, 100 mL Cell
Titer Glo (Promega, Cat# G7570, Madison, WI) was added to each
well, and the plate was incubated on a shaker at room temperature
for 25 min. Then, 150 mL from each well was transferred to a white
bottom 96-well plate, and luminescence was quantified on the Prom-
ega GlowMax Plate Reader (integration time = 1 s).
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Annexin 5 staining

NS- and SSO-treated 143.98.2 Luc-GFP cells were harvested using
Accutase (Gibco, Cat# A1110501) for detachment at indicated time
points for Annexin V/7ADD staining (Annexin A5 Apoptosis Detec-
tion Kit, Cat # 640930, Biolegend, San Diego, CA). Cells were then
washed twice with PBS and spun down to a pellet. Cell pellets were
resuspended in 100 mL Annexin V Binding Buffer containing 5 mL
of APC Annexin V and 5 mL of 7-AAD and incubated at room tem-
perature in the dark for 15 min. After incubation, an additional 400uL
of Annexin V Binding Buffer were added to the cell suspension. Data
were acquired on NovoCyte (Agilent) and were analyzed with FlowJo
software 10.10.0 (BD Bioscience, Ashland, OR).

Proteome profiler array

The Proteome Profiler Human Phospho-Kinase Array was purchased
from R&D Systems (Cat# ARY003C, Minneapolis, MN). The pre-
pared blots came with specific phospho-kinase antibodies blotted
on nitrocellulose membranes in duplicate. 143.98.2 Luc-GFP cells
were seeded at 200,000 cells/well in a 6-well plate and transfected
with 100 nM NS or SSO55 the following day. After 48 h following
transfection, cells were harvested, and whole-cell lysates were
collected for the array and processed according to the R&D Systems
protocol. The membranes were visualized using the array’s chemilu-
miscent agent and developed on X-ray film. The signal produced on
the film for each antibody correlated with the phosphorylation pre-
sent in either the NS- or SSO55-treated cells. Phosphorylation was
quantified by capturing the relative pixel density of each spot in Im-
ageJ and subtracting a background signal from the average of each
duplicate set.

Western blot and antibodies

U2OS and 143.98.2 Luc-GFP cells were seeded at 300,000 cells/well or
200,000 cells/well respectively in a 6-well plate. After transfection
with 100 nM NS or SSO55 via Lipofectamine 2000 for specified
time points, cells were harvested, and whole-cell lysates were isolated
using cell lysis buffer (Cell Signaling, Cat# 9803, Danvers, MA) sup-
plemented with a protease/phosphatase inhibitor cocktail (Thermo
Scientific, Cat# 78440, Waltham, MA). Protein concentrations were
calculated using the Pierce BCA Protein Assay Kit (Thermo Scientific,
Cat# 23225), and approximately 30 mg protein was loaded onto a
denaturing NuPAGE 4 to 12% Bis-Tris gel (Invitrogen, Cat#
NP0336BOX) with a Precision Plus protein standard (Bio-Rad,
Cat# 1610376, Hercules, CA). Gels were run at 120 V for 105 min,
and the separated proteins were transferred to polyvinylidene fluoride
membranes on ice at 35 V for 60 min. Membranes were blocked for
30 min in casein buffer (Thermo Scientific, Cat# 37582) and incu-
bated overnight at 4�C in the following antibodies: pAKT (Ser473)
(1:1,000, Cell Signaling, Cat# 4060S, clone D9E), panAKT (1:1,000,
Cell Signaling, Cat# 4691S, clone C67E7), pGSK3a/b (1:1,000, Cell
Signaling, Cat#9331S), and GAPDH (1:2,000, Cell Signaling,
Cat#2118S). For GAPDH, the membranes were incubated in the pri-
mary antibody for 60 min at room temperature. Membranes were
washed in Tris-buffered saline with 0.1% Tween 20 (TBST) thrice
and then incubated with a secondary antibody conjugated to horse-
radish peroxidase (Cell Signaling, Cat# 7074S) for 60 min at room
temperature. After additional TBST washes, the membranes were
covered in ECL Western blotting substrate (Thermo Scientific, Cat#
32106) and developed on X-ray film.

U7-snRNA viral vectors

Plasmid construction and AAV viral vector production

The U7 snRNA viral vectors used to express the IR NS and SSO55
sequences were constructed and packaged by Vector Builder into
AAVrh74. The Vector Builder IDs for the viral vectors shown in Fig-
ure 4 are VB230608-1954gzn (p-N1), VB230608-1856jdp (p-A1),
VB230621-1559www (p-N2), VB230405-1136ksw (p-A2), and
these IDs can be used to obtain the vector details on www.
vectorbuilder.com.

AAV-eGFP and AAVrh74.U7snRNA virus transduction

U2OS and 143.98.2 Luc-GFP were seeded at appropriate densities in
full serum media (10% FBS RPMI for U2OS, 10% DMEM for
143.98.2) 1 day before virus transduction. During the transduction
period, media were replaced with 2% FBS RPMI or DMEM, and virus
was added to the cells in a dropwise fashion. Full serum media was
replaced after 24 h of virus transduction and every 48 h during the
experimental timeline. Cells transduced with fluorescent eGFP vec-
tors were imaged on a fluorescent microscope under the GFP lamp
at 10� magnification.
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