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Abstract

Spinal Muscular Atrophy (SMA) is an autosomal recessive motor neuron disease that results in 

loss of spinal motor neurons, muscular weakness and, in severe cases, respiratory failure and 

death. SMA is caused by a deletion or mutation of the SMN1 gene and retention of the SMN2 
gene that leads to low SMN expression levels. The measurement of SMN mRNA levels in 

peripheral blood samples has been used in SMA clinical studies as a pharmacodynamic biomarker 

for response to therapies designed to increase SMN levels. We recently developed a postnatal 

porcine model of SMA by the viral delivery of a short-hairpin RNA (shRNA) targeting porcine 

pSMN. scAAV9-mediated knockdown of pSMN mRNA at postnatal day 5 reliably resulted in 

denervation, weakness and motor neuron and ventral root axon loss that began 3–4 weeks after 

viral delivery, and this phenotype could be ameliorated by subsequent viral delivery of human 

SMN (hSMN). To determine if the effect of modulating SMN levels using gene therapy can be 

measured in blood, we measured expression of pSMN mRNA and hSMN mRNA by quantitative 

droplet digital PCR (ddPCR). We found that the endogenous expression of pSMN mRNA in blood 

increases in the first month of life. However, there were no significant differences in blood levels 

of pSMN mRNA after knock-down or of human SMN mRNA after gene therapy. Our results, 

obtained in a large animal model of SMA that is similar in size and anatomy to human infants, 

suggest that measurement of SMN mRNA levels in blood may not be informative in SMA clinical 

trials involving intrathecal delivery of SMN-modulating therapies.
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Introduction

Spinal muscular atrophy (SMA) is the leading genetic cause of death in infants, exhibits a 

wide range of clinical severity and has an incidence of 1 in 11,000 live births (Pearn 1973, 

Sugarman, Nagan et al. 2012). SMA is an autosomal recessive disease caused by deletion or 

mutation in the SMN1 (survival motor neuron 1) gene, and the retention of the nearly 

identical SMN2 (survival motor neuron 2) which leads to reduction of SMN protein levels 

(Lefebvre, Burglen et al. 1995, Coovert, Le et al. 1997, Lefebvre, Burlet et al. 1997). SMN1 
functionally differs from SMN2 by a single nucleotide that results in the exclusion of exon 7 

in approximately 90% of SMN transcripts insert (Lorson, Hahnen et al. 1999, Monani, 

Lorson et al. 1999). The majority of SMN mRNA from SMN2 lacks exon 7, (SMNΔ7) that 

produces a truncated protein that does not oligomerize efficiently and is rapidly degraded. 

There is a well-established positive correlation between SMN2 copy number and disease 

severity (McAndrew, Parsons et al. 1997, Mailman, Heinz et al. 2002, Prior, Krainer et al. 

2009).

Over the last 5 years, promising results in preclinical models of SMA have led to a surge of 

clinical trials using small molecule, oligonucleotide-based therapies and viral-mediated gene 

therapies (Kolb and Kissel 2011, Arnold and Burghes 2013). Oral, intravenous and 

intrathecal routes of delivery have been explored in animal studies. The first FDA-approved 

therapy for SMA, nusinersen, involves delivery of an oligonucleotide via an intrathecal 

injection (Finkel, Chiriboga et al. 2017). An additional promising strategy has been to 

harness the ability of the self-complementary adeno-associated virus, serotype 9 (scAAV9) 

to transduce motor neurons with a copy of the human SMN1 cDNA under the chicken β-

actin promoter when delivered intravascularly or intrathecally (Foust, Wang et al. 2010, 

Bevan, Duque et al. 2011, Duque, Arnold et al. 2015). These therapies demonstrated survival 

extension of mouse models of SMA from ~14 days to over 250 days and correction of 

neuromuscular junction transmission when initiated early in the course of disease (Foust, 

Wang et al. 2010). A Phase 1 clinical trial in infants with SMA using scAAV9-SMN 

delivered intravenously is nearing completion (Clinical Trials Identifier NCT02122952).

Recently, we reported the creation of a porcine model of SMA using intrathecal (IT) delivery 

of an scAAV9 containing a short hairpin RNA (shRNA) directed at the porcine SMN 
(pSMN) gene (Duque, Arnold et al. 2015). scAAV9-mediated knockdown of pSMN mRNA 

at postnatal day 5 reliably resulted in denervation, weakness, motor neuron and ventral root 

axon loss that began 3–4 weeks after viral delivery and a >70% reduction of SMN 

expression in motor neurons (Duque, Arnold et al. 2015). These piglets developed 

progressive weakness over the next 3–4 weeks and motor neuron degeneration was seen 

pathologically (Duque, Arnold et al. 2015). Subsequent IT delivery of the human SMN 
cDNA via scAAV9 dramatically prevented the progression of weakness in this model when 

delivered soon after pSMN knock-down (on PND6) (Duque, Arnold et al. 2015). Late 
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delivery of SMN at the onset of symptoms (PND33–36) halted the progression of disease in 

the piglets (Duque, Arnold et al. 2015). Peripheral blood SMN levels serve as a potential 

pharmacodynamic biomarker and may be useful in the interpretation of clinical outcomes in 

the setting of SMA clinical trials (Brichta, Holker et al. 2006, Tiziano, Lomastro et al. 2013, 

Renusch, Harshman et al. 2015). In this study, we sought to evaluate SMN mRNA levels in 

blood as a potential pharmacodynamic biomarker upon pSMN knockdown and subsequent 

therapy in piglets.

Materials and Methods

Vectors

Small hairpin RNA (shRNA) sequence targeting pig SMN (or scrambled shRNA) under 

control of the H1 promoter was cloned into a self-complementary AAV9-based backbone 

plasmid along with reporter gene GFP under the chicken β-actin (CBA) promoter (Duque, 

Arnold et al. 2015). Human SMN cDNA under the CBA promoter was cloned into the same 

backbone plasmid as previously described (Foust, Wang et al. 2010). The scAAV9-shRNA 

against pSMN and scAAV9-SMN vectors were produced by tri-transfection of HEK293 

cells as previously described (Foust, Wang et al. 2010). Vector titers were determined using 

Real-Time PCR and expressed as viral genome (vg) per milliliter.

Animal care and use

All animals procedures performed were in strict accordance to The Ohio State University 

Institutional Animal Care and Use Committees (IACUC).

Study Design

The sows (Sus scrofa domestica) were obtained from a regional farm (Hartley Farm, OH). 

The sow delivered piglets who had full access to her for nursing and comfort. Five-day old 

(postnatal day 5, PND5) piglets were induced and maintained under anesthesia by mask 

inhalation of 5% isoflurane in oxygen. Body temperature, electrocardiogram and respiratory 

rate were monitored throughout the procedure. Piglets were injected with scAAV9-shSMN, 

scAAV9-SMN, or scrambled shRNA in the cisterna magna as previously described (Bevan, 

Duque et al. 2011, Federici, Taub et al. 2012, Duque, Arnold et al. 2014). Piglets received 

scAAV9-shRNA at PND 4 or 5 (Figure 1). Fifteen piglets received scAAV9-shRNA knock-

down virus against pSMN; 6 of these received a second intrathecal injection 24 hours later 

with the rescue vector scAAV9-SMN as an early treatment group (shRNA/Early group, 

n=6); 5 of scAAV9-shRNA-injected animals received a second intrathecal injection during 

PND33–36 at the onset of weakness, as a late treatment group (shRNA/Late group, n=5). 

Three piglets were in the control, non-injected group (Control group, n=3), while 5 piglets 

received a scrambled shRNA construct as a control, injected group (Scrambled group, n=5) 

(Figure 1).

Pig blood was collected from femoral vein into the PAXgene Blood RNA Tubes 

(PreAnalytiX, Franklin Lakes, New Jersey) at PND4 or 5 for all cohorts and again after 

weaning, which occurred over the course of 3–4 weeks and ranged from PND19–24. 

Therefore, the period of PND4–5 was defined as pre-wean and the first blood collection day 
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after weaning was defined as post-wean PNDs (PND24–40). Blood was then collected every 

week (±2 days) for the remainder of the study. When the timing of scAAV9 delivery 

coincided with collection of a blood sample, as with the late treatment cohort (PND33–36), 

blood was drawn prior to administration of scAAV9-SMN.

Laser-capture Microdissection of spinal cord motor neurons (LCM) and cDNA synthesis of 
LCM-material

The lumbar spinal cord was flash frozen in liquid nitrogen-cooled isopentane and 

cryosectioned (IEC Minotome Plus). 14µm sections of lumbar spinal cord were collected 

onto PEN membrane slides (Zeiss), fixed in methanol (1 min), stained with 1% cresyl violet 

in methanol (1.5 min), quickly rinsed in methanol and immediately stored at −80°C for no 

more than a week with dessicant. Laser capture microdissection (LCM) was performed 

using the Palm Microbeam IV (Carl Zeiss MicroImaging) under 10× magnification. Motor 

neurons were identified based on their localization in the ventral horn and morphology (large 

cell body). Approximately 2,000,000 µm2 of motor neuron tissue was collected per sample. 

In addition, 2,000,000 µm2 of dorsal horn tissue was collected from the same sections. RNA 

was isolated using the RNaqueous Micro Kit (Ambion) according to the manufacturer’s 

instructions.

cDNA synthesis

Following collection in PAXgene Blood RNA Tubes (PreAnalytiX, Franklin Lakes, New 

Jersey), blood was allowed to stand at room temperature for up to 2 hours. RNA isolation 

was conducted using the PAXgene Blood RNA Kit according to the manufacturer’s 

instructions. RNA samples were then treated with TURBO DNase (Ambion) to remove 

contaminating genomic DNA. An aliquot of 1µg RNA was used to generate cDNA by two-

step reactions using AMV-RT (Invitrogen) and random hexamer primers.

SMN mRNA Quantification by ddPCR

SMN mRNA levels were determined using digital droplet PCR (ddPCR, Biorad). For pig 

and human SMN mRNA analyses, the following primers and probes were used: Pig SMN 

(pSMN) Fd 5’-ggcggcagcggtgtt-3’, pSMN Rv 5’-gaatcatcactctggcctgca-3’, pSMN probe 

5’FAM-ctgaggcggaggact-MGB; Human SMN (hSMN) Fd 5’-caaaaagaaggaaggtgctca-3’, 

hSMN Rv 5’-tccagatctgtctgatcgttt-3’, hSMN probe 5’FAM-

ttaaggagaaatgctggcatagagcagcac-MGB. GAPDH quantification was used to normalize the 

SMN levels. The sequence of the GAPDH primers and probe are as follows: Pig GAPDH 

(pGAPDH) Fd 5’-ccccaacgtgtcggttgt-3’, pGAPDH Rv 5’-cctgcttcaccaccttcttga-3’, pGAPDH 

probe 5’VIC-agaaacctgcaaaata-MGB. The primers and probes for SMN and GAPDH were 

obtained from Applied Biosystems.

Technical replicates were performed in multiplex reactions with 1 µl of cDNA, 1.8 µl each of 

human SMN or pig SMN forward and reverse primers (900 nM final), 1.8 µl each of 

GAPDH forward and reverse primers, 0.5 µl of each probe (250nM final) and 10 µl of 2× 

ddPCR supermix (BioRad) in a 20 µl final volume. This reaction was transferred to an 8-row 

droplet generator cartridge (BioRad) wherein 70 µl of droplet generation oil was added. The 

cartridge was then placed in the QX100 droplet generator (BioRad). The machine generates 
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~17,000–20,000 droplets per sample and thus the PCR occurs as individual PCR reactions in 

droplets. The droplets were then transferred to a 96-well plate and placed in a conventional 

PCR machine and cycled under standard conditions: 95°C for 10min followed by 40 cycles 

of 94°C for 30sec, 60°C for 1min and a final step of 98°C for 10min. After PCR 

amplification, the fluorescence was read by the QX200 droplet reader (BioRad). Thus, 

ddPCR is an end-point quantification. Results were analyzed using the QuantaSoft analysis 

software, based on Poisson statistics (BioRad). Data is expressed as relative fluorescence 

units (RFU) of pSMN or hSMN normalized by GAPDH (glyceraldehyde-3-phosphate 

dehydrogenase).

Statistical analyses

Descriptive statistics were used to summarize all baseline values. Continuous values are 

expressed using means, standard deviations and other appropriate measures of spread. 

Categorical values are expressed using frequencies and percentages. Data management and 

T-tests were performed using Sigmaplot v12.0 (Systat Software Inc, CA, USA). Mixed 

models were used to estimate the slope of the ratio (SMN/GAPDH) overtime, for each 

treatment group (Figure 3). Time (as measured by PND) and the time & treatment 

interaction term were included in the models and litter was included as a random effect. 

Litter was not significant in the model (p=0.062). In order to compare treatment effects, the 

differences in slopes were estimated between pairwise groups. All reported p-values and 

confidence intervals are two sided and unadjusted for multiple comparisons. Statistical 

analyses were performed in SAS software 9.4 (SAS Institute Inc., Cary, NC, USA).

Results

Porcine blood SMN mRNA expression increases in the first two months of life

There were a total of 5 study groups as outlined in Figure 1. Pre-weaning blood samples 

were collected at PND4 or PND5. Weaning occurred approximately 3 weeks after birth 

(range: PND19 - 24), at which time blood was collected again. The pSMN mRNA levels in 

blood increased between pre-wean and post-wean time points for each group (Figure 2). 

Table 1 shows the mean data with standard deviation expressed as relative fluorescence units 

(RFU) of pSMN normalized to GAPDH. pSMN levels in the control (n=3) and scramble 

(n=5) groups increased by 2.8 fold upon weaning (control: 3.24 ± 0.15 RFU v/s 9.23 ± 1.12 

RFU; scramble: 2.59 ± 0.67 RFU v/s 7.32 ± 0.64 RFU, p≤0.05). The shRNA (n=4) and 

shRNA/Late (n=5) groups showed a 2.4 and 1.5 fold increase in pSMN respectively post-

weaning, while the shRNA/Early group showed a fold increase of 3 in pSMN levels post-

weaning (2.38 ± 0.59 RFU v/s 7.17 ± 0.97 RFU, p≤0.05). Thus all groups, regardless of 

treatment, showed a 1.5 −3 fold increase in pSMN mRNA levels between PND3–4 and 

PND19–24.

Porcine blood SMN levels were not significantly altered by intrathecal delivery of sacAAV9-
SMN

Blood samples were collected from all cohorts every week ± 2 days for pSMN analysis after 

weaning. All animals were sacrificed between PND61 and PND88. None of the groups show 
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clear trends in SMN levels in blood over time (Figure 3). There was large variability 

observed at all time-points across groups.

In order to reveal the trend changes in each group over time, we compared the difference in 

slopes between pair-wise groups. The slopes for the various treatments were estimated and 

then pairwise compared (Table 2). In general, there is insufficient evidence to suggest 

differences in the trajectories between groups (Table 2). Note that the difference in the 

estimated slopes for the shRNA/Late and shRNA/Early cohorts was only 0.020 (p=0.157). 

Additionally neither the shRNA/Early or shRNA/Late groups were significantly different 

from the scramble cohort with estimated slope differences of −0.032 (p=0.285) and −0.012 

(p=0.710), respectively. Also, we attempted to measure blood levels of hSMN in the 

scAAV9-SMN early and late treatment groups. However, we were unable to detect any 

hSMN in the blood.

Relationship between pSMN expression in blood and in motor neuron tissue

In our previous study, we reported the reduction of pSMN mRNA levels in ventral root 

motor neurons (MNs) and dorsal root ganglion cells in response to scAAV9-shRNA against 

pSMN at the end point of the study (PND61–88), (Duque, Arnold et al. 2015). Spinal cord 

motor neurons in the dorsal and ventral horn were assayed for pSMN and compared to 

pSMN expression in blood at that time point. Figure 4 shows the normalized pSMN levels in 

the MNs, dorsal horn and the blood between the control non-injected group and the shRNA-

treated groups. The pSMN levels in MNs of the shRNA-knockdown groups show an 

effective 71.1% knockdown of pSMN in the motor neurons compared to samples from 

control littermates, thus indicating successful reduction of pSMN (p≤0.001). There was no 

significant reduction of pSMN in the dorsal horn and no significant reduction in pSMN 

detected in blood. (Table 3 and Figure 4).

Discussion

The increase in peripheral blood pSMN mRNA levels in the first two months of life suggests 

a developmental pattern of SMN expression that may not become stable until after birth. It is 

not yet known whether there is also an increase (or decrease) in pSMN levels in porcine 

motor neurons, or any other relevant cell type, in this time period. There is potential 

significance to this observation if a similar increase occurs in human infants in this time 

period, because it is in the first three months of life that infants with type 1 SMA usually 

present clinically with progressive weakness. Blood levels of SMN mRNA transcripts and 

protein appear to be stable in humans over periods of weeks (Sumner, Kolb et al. 2006, 

Zaworski, von Herrmann et al. 2016) and months (Renusch, Harshman et al. 2015), however 

these studies involved children and adults. The earliest measures of SMN mRNA in blood 

have been reported in infants with type 1 SMA and healthy infants ranging from 1 week old 

to 6 months of age (Kolb, Coffey et al. 2016). In that cross sectional report, there was no 

correlation between age and SMN mRNA levels in either cohort (Kolb, Coffey et al. 2016). 

Thus, it is possible that the increase observed here in piglets does not occur in human 

infants. Further study of developmental changes in SMN levels, including in the developing 
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fetal pig, may allow for a more complete understanding of SMN gene regulation in this 

critical period.

Throughout this study, we observed large variability in pSMN levels in all cohorts across 

time. This variability made it difficult to determine differences between groups. It is unlikely 

that the ddPCR measurements contributed largely to this error, because all samples were 

measured in parallel. Potential confounders could be time of day or piglet stress levels. It 

will be important in future work to define the confounders of the measurement of SMN 

levels in piglet blood tissues as it is possible that the baseline variability seen here is 

biological and may more accurately reflect a day to day variability in human infant blood 

samples than in transgenic murine models.

Our results also demonstrate that intrathecal delivery of scAAV9-shRNA in piglets does not 

alter blood pSMN mRNA levels. Significant peripheral exposure to scAAV9 does occur after 

intrathecal delivery (Meyer, Ferraiuolo et al. 2015), however, expression in rapidly dividing 

myeloid progenitor cells is likely short-lived reducing the utility of blood cells for biomarker 

studies in this context. Thus, the measurement of SMN mRNA levels in blood is an 

attractive candidate for a pharmacodynamic biomarker in SMA clinical trials, however it 

may not have utility in clinical trials involving intrathecal delivery of therapeutics in general 

and of scAAV9-mediated therapeutics specifically.
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Abbreviations

CNS central nervous system

ddPCR droplet digital polymerase chain reaction

IT intrathecal

hSMN human survival motor neuron

MNs motor neurons

mRNA messenger ribonucleic acid

PND postnatal day

pSMN porcine survival motor neuron

scAAV9 self-complimentary adeno-associated virus serotype-9

shRNA short hairpin ribonucleic acid

SMA spinal muscular atrophy
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Figure 1. 
Illustration of experimental groups and longitudinal timelines in the study. The scAAV9-

shRNA against pSMN or scrambled-shRNA was injected into five-day old piglets to 

generate a large-animal SMA model. The early-treatment group (shRNA/Early) consists of 

knockdown piglets receiving a second intrathecal injection 24 hours later with the rescue 

vector scAAV9-SMN. In the late-treatment group (shRNA/Late), SMA animals received the 

second intrathecal injection of scAAV9-SMN at the onset of symptoms at around postnatal 

day (PND) 33–36. Blood was withdrawn pre-weaning, post-weaning and every week 

thereafter till the end-point of the study.
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Figure 2. 
Pig Survival Motor Neuron (pSMN) expression in blood increased after weaning in all 

groups. The pSMN mRNA expression in blood was determined by droplet digital PCR 

(ddPCR) at two time points – before weaning (PND4–5) and at weaning (PND19–24) and 

normalized to GAPDH. The control (n=3) and scramble groups showed a 2.8 fold increase 

in pSMN post-weaning. The shRNA group (n=4) showed a 2.4 fold increase in pSMN post-

weaning, while the shRNA/Early (n=6,) and shRNA/Late (n=5) showed a 3× and 1.5× 

increase respectively, in blood pSMN upon weaning. (*p≤0.05, t-test, error bars = sem)
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Figure 3. 
There is no significant difference in longitudinal pSMN expression in blood. pSMN in blood 

was analyzed by ddPCR every week (±2 days) post-weaning up to end-point of the study 

(PND61–88).
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Figure 4. 
ddPCR quantification of pSMN mRNA in LCM-collected motor neurons in the dorsal and 

ventral horn, compared to pSMN levels in blood at the last time point. Ventral horn motor 

neurons showed a significant decrease in pSMN in the shRNA-knockdown group (71.7%) as 

compared to the non-injected control group. The dorsal horn and blood do not show any 

decrease in pSMN. (***p≤0.001, t-test, error bars = sem)
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Table 2

Comparison of Slopes between experimental groups

Comparison Estimate 95% CI p-value

scAAV9-shRNA v/s Control −0.015 (−0.089, 0.059) 0.692

shRNA/Early v/s Scrambled −0.032 (−0.090, 0.027) 0.285

shRNA/Late v/s Scrambled −0.012 (−0.072, 0.049) 0.710

shRNA/Late v/s shRNA/Early 0.020 (−0.038, 0.079) 0.496

scAAV9-shRNA v/s Scrambled −0.045 (−0.108, 0.018) 0.157
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Table 3

Comparison of pSMN mRNA levels in blood and spinal cord

Tissue
Groups

Control (n = 3) shRNA (n = 10)

Ventral Horn Motor Neuron SMN level (RFU)
35.3 ± 2.4 10.2 ± 1.7

Mean ± SE

Dorsal Horn SMN level (RFU)
29.8 ± 5.0

22.4 ± 2.6

Mean ± SE

Blood SMN level (RFU)
12.9 ± 0.5 10.7 ± 1.4

Mean ± SE
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