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Spinalmuscular atrophy is an autosomal recessive disease result-
ing in motor neuron degeneration and progressive life-limiting
motor deficits when untreated. Onasemnogene abeparvovec is
an adeno-associated virus serotype 9-based gene therapy that im-
proves survival, motor function, and motor milestone achieve-
ment in symptomatic and presymptomatic patients. Although
the adeno-associated virus genome is maintained as an episome,
theoretical risk of tumorigenicity persists should genomic inser-
tion occur.We present the case of a 16-month-oldmale with spi-
nal muscular atrophy who was diagnosed with an epithelioid
neoplasm of the spinal cord approximately 14 months after
receivingonasemnogene abeparvovec. In situhybridization anal-
ysis detected an onasemnogene abeparvovec nucleic acid signal
broadly distributed in many but not all tumor cells. Integration
site analysis on patient formalin-fixed, paraffin-embedded tu-
mor samples failed to detect high-confidence integration sites
of onasemnogene abeparvovec. The finding was considered
inconclusive because of limited remaining tissue/DNA input.
The improved life expectancy resulting from innovative spinal
muscular atrophy therapies, including onasemnogene abeparvo-
vec, has created an opportunity to analyze the long-term adverse
events and durability of these therapies as well as identify poten-
tial disease associations that were previously unrecognized
because of the premature death of these patients.
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INTRODUCTION
Spinalmuscular atrophy (SMA) is an autosomal recessive disease char-
acterized by deletion or mutation in the survival motor neuron 1 gene
(SMN1). The resulting decrease in survival motor neuron (SMN) pro-
tein expression leads toprogressivedeathof lowermotorneurons in the
spinal cord. Two almost identical copies of the SMN gene, SMN1 and
SMN2, are present in humans in variable copy numbers on chromo-
some 5q13. Although SMN1 expresses full-length SMN protein, the
SMN2 transcripts lack exon 7, which is predominantly but not always
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skipped because of a point mutation in the splicing enhancer in exon 7
(C-to-T transition at codon 280).1 Consequently, most SMN2-derived
transcripts (up to 85%) are truncated and unstable. SMA severity is
largely dependent on the number of copies of SMN2.2 Patients with
greater numbers of SMN2 copies generally have milder disease that
manifests later and progresses more slowly compared with patients
with fewer SMN2 copies (%2 copies).3 Without treatment, infants
with severe, infantile-onset SMA develop hypotonia andmuscle weak-
ness so that they fail to achieve key motormilestones (e.g., sitting inde-
pendently), require mechanical ventilation, and eventually succumb to
early death secondary to respiratory failure.4–6

Therapeutic options for SMA have evolved from a purely supportive
care approach to include three US Food and Drug Administration
(FDA)-approved disease-modifying treatments that improve life ex-
pectancy with motor outcomes not observed in natural history.7

Two of these therapies increase SMN protein production derived
from SMN2, and both require lifelong intrathecal (nusinersen) or
oral (risdiplam) dosing.8,9 Onasemnogene abeparvovec is a gene ther-
apy based on a recombinant adeno-associated virus serotype 9
(AAV9) expressing the human SMN protein. Because of the persis-
tence of AAV as an episome,10 a single intravenous administration
is sufficient for a long-lasting therapeutic effect.11 For symptomatic
and presymptomatic patients treated with intravenous onasemnogene
abeparvovec, survival, motor function, and motor milestone achieve-
ment were improved compared with natural history.12–17

Increased survival has created opportunities to analyze the long-term
adverse events (AEs) and durability of these therapies for SMA as well
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Figure 1. Magnetic resonance imaging analysis

Shown is sagittal T2-weightedmagnetic resonance imagingof the thoracolumbarspine,

demonstrating an expansile, mixed solid and cystic mass centered in the conus at T12.

Figure 2. Surgical pathology of resected spinal tumor

(A) Histology demonstrating atypical cells with epithelioid morphology and rare

mitosis as well as numerous small infiltrating lymphocytes.

(B) Nuclear and cytoplasmic positivity for S100 in large atypical cells by immuno-

histochemistry.
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as identify potential disease associations that were previously unrec-
ognized because of the premature death of these patients. Here, we
present the case of a 16-month-old male infant with SMA who was
diagnosed with an epithelioid neoplasm of the spinal cord approxi-
mately 14 months after receiving a one-time infusion of onasemno-
gene abeparvovec.

RESULTS
Awhite male at risk for SMA based on family history (one older sister
who became symptomatic at 14 months of age and treated with nusi-
nersen and another older sister diagnosed at 10 days of age and treated
with nusinersen) and the presence of only three copies of SMN2 was
treated with intravenous onasemnogene abeparvovec at 2 months of
age prior to symptom onset. The patient’s motor development and
neurological evaluation were normal 1 month prior to presentation,
with no evidence of weakness, abnormal tone, or abnormalities of
posture or reflexes. At 16 months of age, the patient presented with
1 week of progressive reduced motor movements, inability to stand,
increased fussiness, and urinary retention. Magnetic resonance imag-
ing of the neuroaxis demonstrated a 1.4 � 1.3 � 2.2 cm3 mixed solid
enhancing and cystic/necrotic, expansile, intramedullary lesion
centered in the conus medullaris at T12 (Figure 1). No radiographic
evidence of tumor dissemination to the brain or spine was present.
The radiologic appearancewas not characteristic of themore common
tumoral entities encountered at this location, such as glial tumors.

The patient underwent T10 to L1 osteoplastic laminoplasty for micro-
scopic excision of the spinal cord tumor. The procedure was challenging
because of the age of the child, intertwining of the tumor, and anatomyof
the pathologic process. Somatosensory evoked potentials did not change,
but intraoperative motor evoked potentials and rectal electromyography
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improved with decompression. The patient exhibited prompt postoper-
ative improvement of rectal tone, urinary retention, and lower extremity
motor weakness with increased ability to bear weight and eventually full
recovery of the lower-extremity motor weakness.

Follow-up imaging has been stable without evidence of residual or
recurrent tumor 6months post resection. At 30months of age, the pa-
tient continues to meet all motor and developmental milestones. He
eats and drinks independently without aspiration and requires no res-
piratory assistive devices or supplemental oxygen.

Surgical pathology demonstrated a low-grade epithelioid neoplasm
with nonspecific myoepithelial differentiation (Figure 2A). Immuno-
histochemistry demonstrated S100 and partial cytokeratin AE1/AE3
positivity (Figure 2B). No other immunophenotypic markers of sig-
nificance were identified. Most notably, the tumor was found to be
negative for Brachyury, CD68, SRY-box transcription factor 10
(SOX10), HMB45, glial fibrillary acidic protein, oligodendrocyte tran-
scription factor 2, anaplastic lymphoma kinase, desmin, CD117, syn-
aptophysin, and neurofilament. The tumor cells demonstrated an in-
crease in admixed lymphocytes and plasma cells and increased
programmed death ligand 1 (PD-L1) expression.

Comprehensive whole-exome and transcriptome testing identified no
definite mutations of pathological significance. Analysis of RNA



Figure 3. In situ hybridization (ISH) for onasemnogene abeparvovec vector nucleic acid in FFPE tissue sections using an AS RNAscope probe

The signal is apparent as discrete intranuclear DAB (brown) foci (arrows) and highlighted in the insets. Panels on the right are 40�magnifications of blue boxed regions. H&E,

hematoxylin and eosin.

Table 1. Overview of the sequencing results and integration sites retrieved

Sample Sample type DNA input (ng) Sorted reads Unique IS
Sequence
count/IS

C1 FFPE scrolls 4.9 212,145 2 1

B1 FFPE slides 55.8 203,295 2 1

A3 FFPE slides 45.0 256,594 1 1

pSMN control 1.0 221,970 5 1

hgDNA PBMC 57.0 3 0 N/A

FFPE, formalin-fixed, paraffin-embedded; IS, integration site; pSMN, porcine SMN;
hgDNA, human genomic DNA; PBMC, peripheral blood mononuclear cell.

www.moleculartherapy.org
expression demonstrated relative overexpression of PTCH1 and GLI1,
suggesting Sonic Hedgehog pathway activation (data not shown).
Methylation profiling demonstrated nomatch to any of the known en-
tities in the central nervous system or other soft tissue lesions.

In situ hybridization (ISH) analysis using probes specific for onasemno-
gene abeparvovec detected a vector nucleic acid signal broadly distrib-
uted in many, but not all, tumor cells present in tissue sections obtained
from two individual tissue samples (Figure 3). The signal was absent
from adjacent non-neoplastic stroma and infiltrating immune cells.
ISH analysis of the positive and negative controls is presented in
Figure S1.

To evaluate whether and where the viral vector integrated into host
genomic DNA, shearing extension primer tag selection ligation-
mediated polymerase chain reaction (S-EPTS/LM-PCR) was per-
formed on DNA extracted from formalin-fixed, paraffin-embedded
(FFPE) tumor samples. Integration site analysis of the patient sam-
ples failed to detect high-confidence integration sites of onasemno-
gene abeparvovec; however, the analysis was considered inconclu-
sive because of limited remaining tissue and DNA input. A total
of five unique exactly mappable integration sites were detected by
S-EPTS/LM-PCR in three analyzed samples (Table 1; Figure 4).
The majority of the raw sequencing reads contained sequences map-
ping to the vector but were lacking genomic sequences reflecting an
integration event (data not shown). It is also worth noting that the
primers used for the S-EPTS/LM-PCR were upstream of the in-
verted terminal repeat (ITR) region (in the bovine growth hormone
polyadenylation [bGHpA] region). The intact ITR has a length of
145 bp, and the reported average read length (58 bp) was insuffi-
cient to reach the genomic DNA. Also, the obtained integration sites
were considered to be low confidence because each was only repre-
sented by one sequencing read, and none of the integration sites
were reproducible across the different samples (Table 1). Thus, inte-
gration site analysis of the patient samples failed to detect high-con-
fidence integration sites for onasemnogene abeparvovec.
DISCUSSION
This represents the first published case of a patient with SMA treated
with gene therapy who later developed an epithelioid neoplasm of the
spinal cord. The phenotypic manifestations of SMA vary substan-
tially, from extreme muscle weakness at birth or during infancy re-
sulting in early respiratory failure and death within 2 years (SMA
types 0 and 1) to late-onset symptoms of mild muscle weakness
with normal life expectancy (SMA type 4).18 The variability in SMA
disease severity depends largely on the SMN2 copy number.2,3 Based
on confirmatory cord blood genetic testing demonstrating homozy-
gous deletion of SMN on chromosome 5q and three copies of the
SMN2 gene, it was determined that our patient was at risk for devel-
opment of symptomatic SMA. In the past, most SMA patients were
treated after symptom onset; however, our patient was treated with
onasemnogene abeparvovec at approximately 8 weeks of age, prior
to symptom onset.

Onasemnogene abeparvovec, which was approved by the FDA in
2019, is an AAV9-based gene therapy that delivers the human SMN
gene to restore expression of full-length SMN protein.18 The patient
highlighted here is currently 30 months post onasemnogene abepar-
vovec infusion and remains fully ambulatory without signs of motor
weakness following removal of the spinal tumor. The patient has
Molecular Therapy Vol. 31 No 10 October 2023 2993
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Figure 4. Cumulative retrieval frequencies of the 10 most prominent integration sites detected in all samples

Sequence count of the 10 most prominent integration sites (ISs; Seq Count 10 Strongest), sequence count of all remaining ISs (Seq Count all other mapp. ISs), and total IS-

specific sequence count (Total Seq Count Used) are presented at the bottom for each sample. RefSeq names of genes located closest to the respective IS are given in the

table (gene name). Relative sequence count contributions of the 10 most prominent ISs and all remaining mappable ISs are presented (frequency [percent]). The location

column comprises chromosome number, sequence orientation (plus or minus), and IS locus (based on human reference genome hg38). FFPE, formalin-fixed, paraffin-

embedded; N/A, not available.
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never experienced clinical symptoms of SMA, and the motor symp-
toms that prompted the discovery of his spinal cord tumor lasted
only 1 week before excision.

Several studies have highlighted the short-term efficacy and safety of
onasemnogene abeparvovec. Mendell et al.12 reported preliminary
data from 15 patients with SMA type 1 treated with a single dose
of onasemnogene abeparvovec in an open-label, phase 1 study
(START trial; ClinicalTrials.gov: NCT02122952). Patients who
received onasemnogene abeparvovec demonstrated improvements
in motor function compared with historical controls.12 Several
follow-up studies focusing on the short-term outcomes of the 12
START patients who received the therapeutic dose of onasemnogene
abeparvovec confirm effectiveness in key metrics such as pulmonary
and nutritional support requirements, achievement of motor mile-
stones, hospitalization rate, and probability of survival compared
with natural history.13,19,20 Subsequent phase 3 trials have further
confirmed the efficacy of onasemnogene abeparvovec in patients
with SMA type 1 (STR1VE [ClinicalTrials.gov: NCT03306277] and
STR1VE-EU [ClinicalTrials.gov: NCT03461289]) and in presymp-
tomatic patients with two or three SMN2 gene copies at risk for devel-
oping SMA (SPR1NT; ClinicalTrials.gov: NCT03505099).14–17
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Because of the historically poor survival of patients with SMA, very
little is known regarding the potential associations between SMA
and the risk for developing solid tumors or other malignancies.
With improved motor function and longer survival associated
with current SMA therapies, there likely will be more opportunities
to study long-term health outcomes and concurrent illnesses in this
patient population. Although this is the first reported case of an
epithelioid neoplasm of the spinal cord associated with SMA, there
is one documented case of a 33-year-old female with SMA type 4
who presented with progressive neck pain radiating to the arms
and was diagnosed with cervical-thoracic spinal cord ependy-
moma.21 In addition, alveolar rhabdomyosarcoma (ARMS) of the
forearm has been reported in two patients with SMA (types 2 and
3a).22 Despite demonstrating early signs of motor dysfunction that
prompted their SMA diagnoses as toddlers, both patients survived
into their teenage years but died relatively shortly after their
ARMS diagnoses because of related complications. Other reported
cases of concurrent malignancies diagnosed in patients with SMA
include an 11-year-old male with SMA type 3 and metastatic
ARMS of the ankle23 and a 4-month-old male presenting with a
periumbilical mass and hypotonia simultaneously diagnosed with
neuroblastoma and SMA type 1.24

http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov
http://ClinicalTrials.gov


Table 2. Number of predicted copies of integrated vectors in the analyzed samples

Block DNA, ng

Diploid genomes
corresponding to
inputa Tumor cells (%)b VCNc

Random integrationd

Clonal integratione1.00% 0.10% 0.01%

A3 45 6,300 50% 1 31.5 3.15 0.315 3,150

B1 57 7,980 25% 1 19.95 1.995 0.1995 1,995

C1 5 700 75% 1 5.25 0.525 0.0525 525

AAV, adeno-associated virus; H&E, hematoxylin and eosin; LOD, limit of detection; VCN, vector copy number. Example for block A3: 45 ng of DNA corresponded to 6,300 cells
(because each human cell contains �7.2 pg of DNA). Assuming that 50% of this sample contains tumor cells (as suggested by ISH) and has a VCN of 1, and assuming that integration
happens randomly in 1% of the tumor cells, 31 different copies of integrated vector could be expected in the sample. This is likely below the LOD, especially if the integration rate was
0.1% or 0.01%. However, if all cells were derived from the same integrated clone, then 3,150 integrated vector copies (i.e., with the same integration site) would be expected. This is likely
above the LOD.
aAverage weight of DNA contained in one human diploid genome is 7.2 pg.
bPercentage tumor cells in sample estimated on H&E-stained serial sections.
cEstimated VCN vector copy number in tumor cells based on in situ hybridization.
dRate of random integration per VCN from published literature.8,37–39
ePredicted AAV vector sequence number if clonal integration present in tumor cells.
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One advantage of AAV-based gene therapies is that the viral vector
primarily persists as an episome following transduction because of a
lack of Rep-mediated active integration.11 Because the efficiency of re-
combinant AAV (rAAV) integration into the host cell genome is low,
the risk of insertional mutagenesis is reduced compared with other
viral vectors. However, spontaneous integration into double-stranded
breaks is possible.25 In mice, rAAV-induced genotoxicity has been re-
ported to contribute to hepatocellular carcinoma (HCC) forma-
tion,25–29 and the frequency of insertional mutagenesis may be related
to age at dosing, dose, and the enhancer-promoter used.25 No such
events have been reported in nonhuman primates, which may be
related to the relatively short-term observations reported to date.
However, AAV-related tumorigenesis has also not been reported in
long-term studies (up to 10 years) in dogmodels, where only clonality
was observed.25 At present, AAV-induced tumorigenesis also remains
a theoretical risk in humans.30 One case of HCC in an adult treated
with etranacogene dezaparvovec, anAAV5-based gene therapy for he-
mophilia B, has been reported.31 Subsequent analysis revealed a low
rate of AAV integration (0.027%) without evidence of clonal expan-
sion as well as the presence of several risk factors that may have pre-
disposed the patient to HCC.

In the present study, ISH analyses indicate the presence of the vector
nucleic acid within many but not all tumor cells, though the probe
cannot distinguish episomal from integrated vector DNA.

Integration site analyses of available patient samples failed to detect
high confidence integration sites for onasemnogene abeparvovec.
However, it is not possible to exclude that integration sites may
have been missed because of the low DNA input, which was far below
the optimal value for analysis (5–57 ng/sample instead of 1.5–3 mg).
The average short read length may be a direct consequence of the lim-
itations because of the low input material. Also, partial vector integra-
tion that lacks the primer binding sites (bGHpA) would not be de-
tected by the applied method. For future studies, alternative
methods, such as target enrichment sequencing (TES), could be
considered. As opposed to S-EPTS/LM-PCR, which relies on the
presence of intact primer binding sites, TES has the advantage of
possibly detecting integration sites originating from partially deleted
vectors without affecting the limit of detection, as recently demon-
strated by Oziolor et al.32

This case illustrates the challenges incurred when limited FFPE mate-
rial is available. The use of histological slides to further define the tu-
mor type and investigate potential precision targets for patient man-
agement were prioritized. In instances when adjacent normal tissue is
available, the analysis of histological slides may further assist tumor
identification.

Table 2 presents the number of predicted copies of integrated vector
that would have been present if random integration had occurred in a
preexisting tumor mass or if clonal integration had occurred prior to
cellular transformation. If integration had occurred in a preexisting
tumor mass, then the number of random integration events present
would have been extremely low and likely below the limitation of
the assay to detect them. In contrast, if clonal integration had resulted
prior to cellular transformation, then each tumor cell in the sample
would have contained the same integration event, resulting in
substantially greater integrated vector copy number. Thus, if clonal
integration had driven oncogenesis, then the predicted number of in-
tegrated vector sequences in the sample would have been much
greater, likely allowing detection of a single clonal site present in all
tumor cells. With the current available data, there is no indication
of clonal expansion anticipated in cases of oncogenesis driven by
AAV vector integration. However, given the assay limitations because
of the lowDNA input used and the inability to detect random integra-
tion events, it cannot be definitively excluded that a dominant inser-
tional site escaped detection.

The increased tumor expression of PD-L1 observed in the case pre-
sented here has interesting implications for the tumorigenesis of solid
tumors in patients with SMA. In human cancers, increased PD-L1
Molecular Therapy Vol. 31 No 10 October 2023 2995
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expression has been correlated with DNA damage.33 Similarly, key
cellular signaling and biochemical pathways associated with DNA
damage and impaired DNA repair are activated in patients with
SMA.34 Thus, increased PD-L1 expression could either be secondary
to DNA breakdown associated with tumor development or could
be related to the SMA disease course. Regardless of the etiology
driving PD-L1 expression, this finding carries certain clinical implica-
tions. For example, this patient may benefit from routine surveillance
screening for other PD-L1-associated cancers. Likewise, specific PD-
L1 genetic testing may be indicated for certain family members,
including the patient’s two siblings with SMA, to determine the
potential increased risk for development of secondary malignancies.
Further research is needed to determine whether this patient’s
increased PD-L1 expression could be targeted for PD-L1 inhibition
with agents such as pembrolizumab or nivolumab if he experiences
recurrence of a spinal tumor that is not favorable for surgical
resection.

MATERIALS AND METHODS
Tissue samples

The patient tumor sample was collected and processed in FFPE blocks
at the Phoenix Children’s Hospital (PCH, Phoenix, AZ, USA). FFPE
slides and scrolls were generated from the blocks for ISH analysis and
integration site analysis, respectively.

DNA and RNA sequencing analysis

Whole-exome and transcriptome sequencing was performed at Caris
Life Sciences (Phoenix, AZ, USA).

ISH

ISH analysis of tissue sections from two FFPE blocks was conducted
to detect AAV antisense (AS) and sense (S) sequences as well as Hs-
PPIB (peptidylprolyl isomerase B [cyclophilin B], positive control and
tissue quality control) and DapB (negative control) genes using re-
agents and equipment supplied by Advanced Cell Diagnostics
(ACDBio; Hayward, CA, USA) and Ventana Medical Systems
(Roche, Tucson, AZ, USA). The following ISH RNAscope probes
were designed by ACDBio and do not cross-hybridize to the human
genome: Hs-PPIB (catalog number 313909), DapB (catalog number
312039), phSMN AS (catalog number 1141319-C1), and phSMN S
(catalog number 1141309-C1). Positive PPIB and negative DapB con-
trol probe sets were included to ensure mRNA quality and specificity,
respectively. The hybridization method followed protocols estab-
lished by ACDBio and Ventana Medical Systems using a 3,30-diami-
nobenzidine (DAB) chromogen. Briefly, 4- 5-mm sections were baked
at 60�C for 60 min and used for hybridization. The deparaffinization
and rehydration protocol was performed using a Tissue-Tek DR5
stainer (Sakura Finetek USA, Torrance, CA, USA) with the following
steps: three times xylene for 3 min each, two times 100% alcohol for
3 min, and air drying for 5 min. Offline manual pretreatment in 1�
retrieval buffer at 98�C–104�C was performed for 60 min. Optimiza-
tion was performed by first evaluating the PPIB and DapB hybridiza-
tion signal and subsequently using the same conditions for all slides.
Following pretreatment, the slides were transferred to a Ventana
2996 Molecular Therapy Vol. 31 No 10 October 2023
Medical Systems Ultra autostainer to complete the ISH procedure,
including protease pretreatment, hybridization at 43�C for 2 h, fol-
lowed by amplification, and detection with horseradish peroxidase
and hematoxylin counterstain. Archived normal and neoplastic hu-
man control tissue samples from non-dosed individuals served as
additional negative control material. Engineered HEK293 cells con-
taining onasemnogene abeparvovec vector sequence as well as tissue
from onasemnogene abeparvovec-dosed cynomolgus macaques
served as positive control material. Hematoxylin and eosin-stained
sections were used to confirm tumor presence. Slides were scanned
at 20–40� using an Aperio (Leica Biosystems, Deer Park, IL, USA)
AT2 scanner.

DNA extraction from FFPE samples for S-EPTS/LM-PCR

DNA was extracted by ProtaGene (Heidelberg, Germany) from each
FFPE sample separately using the GeneRead DNA FFPE Kit (QIA-
GEN, Hilden, Germany) according to the manufacturer’s instruc-
tions. Briefly, proteins in the samples were digested using Proteinase
K for 1 h. After heating to remove crosslinks, artificially induced ura-
cils that are typically from DNA obtained from FFPE samples were
removed from the DNA by uracil-N-glycosylase. After binding of
DNA to the spin column, residual contaminants, such as salts, were
washed away by buffer AW1, buffer AW2, and ethanol. Any residual
ethanol, which may interfere with subsequent enzymatic reactions,
was removed by an additional centrifugation step. Finally, DNA
was eluted in H2O and stored at �20�C. Because of the low amount
of DNA retrieved from each isolation, all DNA obtained from each of
three blocks was pooled, and the S-EPTS/LM-PCR analysis was per-
formed as a single sample on each pool. Because of the low amount of
genomic DNA isolated from the residual FFPE samples, the assay
could only be performed in one replicate per sample with 5–57 ng/
sample instead of the 1 mg per replicate (three replicates) of genomic
DNA generally used.

Integration site analysis

Integration site analysis of tissue sections from three FFPE blocks was
conducted by ProtaGene (Heidelberg, Germany) to evaluate onasem-
nogene abeparvovec integration in the genomic DNA. This method
first employs S-EPTS/LM-PCR for amplification and sequencing of
unknown genomic sequences flanking integrated vector DNA
coupled with next-generation sequencing and subsequent semi-auto-
mated data processing and identification of nearby genes.

All available genomicDNAper sample was sheared to amedian length
of 500 bp using the M220 instrument (Covaris, Woburn, MA, USA).
Primer extension was performed using a bovine growth hormone pol-
yadenylation signal-specific biotinylated primer: 50-GCATCGCATT
GTCTGAGTAGG -3ʹ. The extension product was again purified, fol-
lowed bymagnetic capture of the biotinylated DNA for at least 60min
and two washing steps with 100 mL H2O. The captured DNA was
ligated to linker cassettes, including a molecular barcode. The ligation
product was amplified in a first exponential PCR using the following
biotinylated vector- and linker cassette-specific primers: 50-GACCC
GGGAGATCTGAATTC-30 and 50-GTAGGTGTCATTCTATTCTG
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GG-3ʹ. Biotinylated PCR products were magnetically captured and
washed, and half of this eluate served as a template for amplification
in a second exponential PCR step with the following primers to allow
deep sequencing by MiSeq technology (Illumina, San Diego, CA,
USA) after purification: 50-GGAAGACAATAGCAGGCATG-3ʹ (vec-
tor specific) and 50-AGTGGCACAGCAGTTAGG-3ʹ (linker cassette
specific). Preparation for deep sequencing was done as described pre-
viously.35,36 DNA double barcoding was applied to allow parallel
sequencing of multiple samples in a single sequencing run while mini-
mizing sample cross-contamination.

Control samples included vector (porcine SMN) spiked in human
genomic DNA (positive control sample for PCR amplification) and
human genomic DNA (negative control sample). Raw sequence
data were filtered according to sequence quality, and only sequences
demonstrating 100% identity in both molecular barcodes (linker
cassette and sequencing barcodes) were further analyzed using
Genome Integration Site Analysis Pipeline (GENE-IS) v.1.6.37 In
brief, sequences were trimmed (vector- and linker cassette-specific
parts removed) and aligned to the human genome hg38, while nearby
genes and other integrating features were annotated as described
previously.36
Conclusion

We presented the case of a 16-month-old male at risk for SMA treated
presymptomatically with onasemnogene abeparvovec at 8 weeks of
age who was found to have an epithelioid neoplasm of the spinal
cord. Integration site analyses of available patient samples failed to
detect integration sites for onasemnogene abeparvovec. However, it
is not possible to definitively exclude that integration sites may
have been missed because of the low DNA input. The improved life
expectancy resulting from innovative SMA therapies has created an
opportunity to better understand whether patients with SMA may
be at increased risk for the development of certain malignancies. It
also permits monitoring the long-term safety profile of onasemno-
gene abeparvovec. Further research is needed to better understand
these associations, if any, and to establish appropriate tumor surveil-
lance protocols for patients with SMA.
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