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A sensitive assay for measuring SMN mRNA levels in
peripheral blood and in muscle samples of patients
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Different therapeutic strategies are currently evaluated in spinal muscular atrophy (SMA) that are aimed at
increasing full-length (FL) mRNA levels produced from the SMN2 gene. Assays measuring SMN mRNA
levels are needed. We have developed a sensitive, comparative assay based on multiplex fluorescent
reverse-transcription polymerase chain reaction (RT–PCR) that can measure, in the same reaction, the
levels of SMN mRNA with and without exon 7 sequences as well as those of total SMN mRNA. This assay
allows to calculate directly the ratios of FL SMN mRNA to SMN mRNA without exon 7 (D7). We have used
this assay to compare the levels of SMN transcripts in the blood of 75 unrelated normal subjects and of 48
SMA patients, and in muscle samples of 8 SMA patients. The SMN1 and the SMN2 genes produced very
similar levels of total mRNA. Levels of transcripts lacking exon 7 were linearly dependent on the number of
SMN2 copies, both in SMA patients and in controls. In patients, FL mRNA levels correlated with SMN2 copy
number. A significant but weaker inverse correlation was also observed between FL or D7 mRNA levels and
disease severity, but patients with three SMN2 copies and different SMA types displayed similar mRNA
levels. A significantly higher FL to D7 ratio was measured in blood cells than in skeletal muscle (0.8070.18
versus 0.4770.11). This assay can be used as a sensitive biomarker for monitoring the effects of various
drugs in forthcoming clinical trials of SMA.
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Introduction
Spinal muscular atrophy (SMA), which is characterized by

degeneration of lower motor neurons associated with

muscle paralysis and atrophy, represents a frequent

recessive autosomal disorder caused by mutation of the

survival motor neuron (SMN1) gene at 5q11-q13, consist-

ing mainly of homozygous deletions or conversion events.1

All patients have at least one copy of the highly homo-

logous SMN2 gene, which is located in a more centromeric

position on the same chromosome. Both genes code for the

SMN protein and differ only at five nucleotide positions,

including one within an exonic splicing regulatory ele-

ment in exon 7.2–4 Thus, two main mRNA species are
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produced from the SMN2 gene: a full-length (FL) mRNA

and mRNA lacking exon 7 sequences (D7), while the SMN1

gene is thought to produce only mRNAs including exon 7.1

Only FL mRNA carries the complete open reading frame

required for the production of a stable, active SMN protein.

SMA phenotypes range in severity from early death to close

to normal life expectancy and have been classified into

four groups of decreasing severity: type I (MIM 253300),

severe infantile acute SMA, or Werdnig–Hoffmann disease;

type II (MIM 253550), or infantile chronic SMA; type III

(MIM 253400), juvenile SMA, or Kügelberg–Welander

disease; and type IV (MIM 271150) or adult-onset SMA.5

An inverse correlation between SMN2 copy number,

SMN protein level and disease severity has been sug-

gested.6,7 This observation has prompted several groups to

examine therapeutic strategies in SMA by increasing FL

mRNA levels produced from the SMN2 gene. Cell culture

studies have emphasized the potential use of several drugs

for this purpose, including sodium valproate and hydro-

xyurea, which increase FL SMN mRNA either by increasing

total SMN mRNA levels or by modulating splicing and

facilitating inclusion of exon 7.8–14 Alternative approaches

to aiming at producing higher levels of FL mRNA from the

SMN2 gene are based on various forms of antisense

oligonucleotides or on bifunctional synthetic RNA-peptide

molecules capable of shifting the splicing machinery

towards inclusion of exon 7.15–17 As all these strategies

are based on modulation of SMN expression at the

transcriptional or at the RNA processing level, clinical

trials that are envisaged for the somatic correction of SMA

require sensitive and reliable assays, capable of monitoring

the effects of the treatments on SMN mRNA levels.18

We describe here a new assay for measuring SMN mRNA

levels and compare the expression of the SMN2 gene in

peripheral blood cells and in the skeletal muscle of SMA

patients. This assay is inspired by the QMPSF method

(quantitative multiplex PCR of short fluorescent frag-

ments) that was developed for comparative quantitative

analysis of genomic DNA,19,20 but is applied here to

reverse-transcribed mRNA.

Subjects and methods
Subjects

We collected blood samples from 75 unrelated control

subjects and 48 SMA patients who did not receive any

treatment. Patients fulfilled the diagnostic criteria of

proximal SMA defined by the International SMA Con-

sortium.5 Fourteen patients with severe, generalized mus-

cle weakness at birth or within the first 6 months were

classified as type I SMA, 22 patients who were able to sit

although they could not walk unaided were classified as

type II and 12 patients who were able to walk before the

onset of proximal muscle weakness were classified as type

III. Blood was collected after overnight fasting into

PAXgene Blood RNA Tubes (QIAGENs, Courtabœuf,

France) for RNA extraction, into ethylenediamine tetra-

acetic acid (EDTA) tubes for SMN genotyping and into BD

Vacutainers CPT cell preparation tube with lithium

heparin for protein isolation; samples were treated after

transport at room temperature for times ranging from a

minimum of 2h to a maximum of 3 days. Quantification of

SMN1 and SMN2 copies was performed using a multiplex

PCR assay.19 SMA patients had homozygous deletions or

conversions of the SMN1 gene and carried at least two

copies of the SMN2 gene.

Striated paravertebral muscles were taken as surgery

residues during cervical arthrodesis of eight SMA patients.

Muscle samples were immediately frozen in liquid nitrogen

and stored at �801C. A section of each sample (B10mg)

was used for RNA extraction. Blood was collected from the

same patients as described above.

Blood or muscle samples were obtained after informed

and written consent from each participant or the legal

guardian according to a protocol reviewed and approved by

the Local Ethics Committee.

Reverse-transcription polymerase chain reaction of
SMN transcripts

Total cellular RNA was extracted from whole blood using

the PAXgene Blood RNA kit (Qiagen) and from muscles

RNA using Tripure reagent (Roche Diagnostics, Indianapo-

lis, IN, USA). Total RNA quality and quantity were

evaluated for each RNA sample using the RNA 6000 Nano

Assay (Agilent Technologies, Massy, France) after RNAse-

free DNAse treatment (Roche Diagnostics). One hundred

nanograms of total RNA was reverse-transcribed into

complementary DNA using the Sensiscript Reverse Tran-

scription kit (Qiagen) in the presence of Recombinant

RNasin (Promega, Lyon, France). First-strand synthesis

from total RNA was carried out using an oligo d(T)18
mRNA Primer (New England Biolabs, Saint Quentin en

Yvelines, France).

The single-stranded cDNA was PCR-amplified using two

pairs of primers to cover different SMN mRNA regions and

with two additional primer pairs that amplify reference

mRNAs (Table 1). Sense primers were 50-labelled with 6-

FAM. All primers were used in a single PCR of 25 ml. PCRs
were carried out using 2mM MgCl2, 1.5 unit of Thermo-

prime plus DNA polymerase (ABgene, Epson, UK), 0.4mM of

each primer and 4 ml of cDNA. After an initial cycle of

denaturation at 941C for 4min, 24 cycles were performed

consisting of denaturation at 941C for 10 s, annealing at

581C for 15 s and extension at 721C for 20 s, and final

extension at 721C, in a PCR System 9700 (Applied

Biosystems, Courtabœuf, France). Quantitative analyses

were carried out using the GeneScan 3.7 software (Applied

Biosystems) after electrophoretic separation of the reverse-

transcription polymerase chain reaction (RT–PCR) pro-

ducts on a DNA sequencer (ABI 3100; Applied Biosystems).
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Data calculation and statistical analysis

The values obtained for the different mRNA forms were

normalized, using the mean of peak heights, by calculating

the ratios of SMN D7 mRNA to MLH1 mRNA (D7/MLH1) or

to HPRT mRNA (D7/HPRT), and of SMN FL mRNA to MLH1

mRNA (FL/MLH1) or to HPRT mRNA (FL/HPRT). Global

levels of SMN transcripts were normalized by calculating

the ratios of exon 1–2b mRNA to MLH1 mRNA (total/

MLH1) or exon 1–2b mRNA to HPRT mRNA (total/HPRT).

The relative contribution of exon 7 splicing was evaluated

by calculating the ratio of full-length to D7 mRNA (FL/D7).
Each measurement was realized in triplicate and all data are

expressed as mean7standard deviation (SD).

Correlations between SMN mRNA levels and gene copy

numbers or between SMN mRNA levels and SMA type were

tested using the nonparametric Kruskal–Wallis test com-

bined and the Mann–Whitney U-test with Bonferroni

correction. For all tests, Po0.05 (or Po0.017 after Bonfer-

roni adjustment) were considered statistically significant.

All statistical analyses were conducted using MedCalcs

software (Version 8.2, Mariakerke, Belgium).

Results
Multiplex fluorescent RT–PCR assay

Our goal was to develop a new SMN mRNA assay aiming at

measuring simultaneously the variation of total SMN

transcripts, of FL SMN mRNA and of D7 SMN mRNA. As

shown in Figure 1a, we choose to develop a fluorescent

multiplex RT–PCR assay able to amplify in the same

reaction total SMN transcripts using primers in exons 1 and

2b (P1 and P2, respectively), FL and D7 SMN transcripts

using primers in exons 6 and 8 (P3 and P4, respectively) as

well as HRPT and MLH1 mRNA transcripts used as internal

controls. We tested several candidate housekeeping gene

mRNAs (ACTB, HMBS, MLH1, HPRT) on total RNA samples

from 10 individuals after precise dosage using the RNA

6000 Nano Assay from Agilent Technologies. We found

that the HPRT and the MLH1 mRNAs were the least

variable since these internal references yielded similar and

consistent results on peripheral blood total RNA samples,

with standard variations of 25 and 27%, respectively,

measured over 10 control subjects with the same SMN

genotype (data not shown). A typical profile, obtained

from a control individual with two copies of the SMN1

gene and two copies of the SMN2 gene, is shown in

Figure 1b. Very similar results were obtained using the

MLH1 or the HPRT value for normalization. Thus, in the

following, we will present data normalized using the HPRT

mRNA reference.

One should note that this method does not determine

the absolute ratios of SMN mRNA species versus MLH1 or

HPRT mRNA, because experimental variables affect the

signals measured for each amplicon, as discussed below.

Normalization of the heights of fluorescence profiles

corrects for variations in input RNA and allows compar-

isons of SMN mRNA species between different samples. To

select a cycle number ensuring amplification within the

exponential range for each mRNA species of the multiplex

RT–PCR, we carried out experiments with different cycle

numbers and found that each of the peaks illustrated in

Figure 1b doubled between 24 and 25 cycles (data not

shown). Although we choose 24 cycles for our routine

analyses, one should note that, even using the same PCR

conditions as described in Subjects and methods, the

optimal cycle number must be determined when setting

up the assay with new reagents, because the intensity of

each peak reflects not only the amount of the correspond-

ing mRNA species, but also the exact concentration of the

primer pairs used for each amplicon and the variable

intensities of fluorescent labels. It is therefore essential to

use exactly the same PCR conditions and primer dilutions

within each series of measurements. Profiles such as the

one shown in Figure 1b are then reproducible between

Table 1 Primers used for fluorescent multiplex RT–PCR

Gene Exon Sequence Reference Product size (bp)

SMN1/2 1 P1: 50-ACCCGCGGGTTTGCTAT-30a Brichta et al10 286
2b P2: 50-GTTGTAAGGAAGCTGCAGTA-30b Brichta et al10

SMN1/2 6 P3: 50-GCTGATGCTTTGGGAAGTATGTTA-30a Andreassi et al12 184c/130d

8 P4: 50-ATTCCAGATCTGTCTGATCG-30b Jong et al21

MLH1 13 P5: 50-CGGGAAGATTCTGATGTGG-30a 178
14 P6: 50-AGCCCACGAAGGAGTGGTT-30b

HPRT 7 P7: 50-GAAAAGGACCCCACGAAG T-30a 217
9 P8: 50-CTGGCGATGTCAATAGGA C-30b

aSense primer 50-labelled with 6-FAM.
bAntisense primer.
cProduct size from FL mRNA.
dProduct size from D7 mRNA.
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identical RNA samples and, for each amplicon, peak values

from different samples can be compared reliably after

normalization. For example, to evaluate the robustness of

the assay, we repeated independently the multiplex PCR on

the same control cDNA or we repeated the entire assay,

including the reverse transcription step, on the same

control RNA, and found that the standard deviation of

the multiplex RT–PCR was within 10% (see Supplementary

Tables 1 and 2). We have also tested the variation of SMN

mRNA levels of a single control individual over 3

consecutive days and at four different times of the day

and found that these levels were always within the

experimental variation of the method (data not shown).

FL and D7 mRNA levels relative to SMN2 copy number
and to SMA disease severity

We recruited 48 SMA patients (14 type I, 22 type II and 12

type III) and determined their SMN genotype as shown in

Table 2. We then measured their peripheral blood SMN

mRNA levels, normalized to HPRT mRNA and expressed

them as a function of SMN2 copies. As shown in Figure 2

and Supplementary Table 3, FL, D7 and total SMN2 mRNA

levels increased linearly with SMN2 copy number. Each of

these values was found doubled between 2 and 4 SMN2

copies, and the FL/D7 ratios remained close to 0.9. These

data demonstrate a tight correlation of SMN2 transcript

levels with SMN2 copy number in peripheral blood cell.

Even if peripheral blood cells are not the target cells in SMA

disease, these data are consistent with the inverse correla-

tion found between SMN2 copy number and disease

severity.7 We therefore compared SMN transcript levels to

the type of SMA and found that each form of SMN2

transcripts (FL mRNA, D7 mRNA and total SMN mRNA)

indeed was inversely correlated with disease severity, while

the FL/D7 ratios remained close to 0.9 (Figure 3 and

Supplementary Table 4). The inverse correlation observed

between transcript levels and disease severity was, how-

ever, weaker than the direct correlation observed with

SMN2 copy number. In fact, as shown in Table 2, the three

phenotypic groups, and particularly the type III group, are

heterogeneous with regard to SMN2 copy numbers. Con-

versely, one finds in Table 2 that patients with three SMN2

copies are heterogeneous with regard to disease phenotype.

We have therefore examined the mRNA levels for each of

the three subgroups with three SMN2 copies and found

that D7 mRNA and FL mRNA levels did not differ

significantly that is they appear to be determined by the

SMN2 copy number (Figure 4). These data therefore

indicate that, in spite of the heterogeneity mentioned

above, the inverse correlation observed between mRNA

levels and disease phenotype reflects the distribution of

genotypes (Table 2) and the strong correlation between

mRNA levels and SMN2 copy numbers.

Contribution of SMN2 copy number to FL and D7
mRNA levels in control individuals

We then genotyped 75 normal control subjects and

determined the various forms of SMN transcripts in their

Figure 1 Semi-quantitative fluorescent RT–PCR. (a) Patient and control SMN cDNAs were PCR-amplified using two pairs of primers: P1–P2,
yielding a 286bp product that measures total SMNmRNA and P3–P4, which yielded fragments of 184 and 130bp from full-length (FL) and D7 cDNA,
respectively. MLH1 and HPRT cDNAs were amplified as internal references. (b) RT–PCR products were loaded on an ABI Prism 3100 DNA sequencer
and profiles were analyzed using the GeneScan 3.7 Software. The diagram shown was obtained from a 2C2T control (two copies of SMN2 and two
copies of SMN1). The x axis indicates the fragment size and the y axis the fluorescence in arbitrary units. For each PCR product, peak height was used to
calculate the ratios presented in the following figures. Note that the MLH1 and HPRT peaks are used only for normalization and do not necessarily
reflect the relative abundance of their mRNA relative to SMN mRNAs. D7, without exon 7; FL, full-length; RT–PCR, reverse-transcription polymerase
chain reaction; SMN, survival motor neuron.
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Table 2 SMN2 copy number of patients with Type I, Type II and Type III SMA

SMAtype Distribution for SMN2copynumber Total

2 copies 3 copies 4 copies

Ia 9 5 0 14
2M/7F 5M/0F 7M/7F
median: 13 months median: 10 years median: 3 years 9 months
range: 1 month–12 years range: 30 months–19 years range: 1 month–19 years

II 0 22 0 22
9M/13F 9M/13F
median: 11 years median: 11 years
range: 15 months–32 years range: 15 months–32 years

III 1 6 5 12
1M/0F 0M/6F 4M/1F 5M/7F
median: 10 years median: 25 years median: 33 years median: 30 years
range: 10 years range: 6 years–38 years range: 11 years–47 years range: 6 years–47 years

Total 10 33 5 48
3M/7F 14M/19F 4M/1F 21M/27F
median: 15 months median: 11 years 6 months median: 33 years median: 11 years
range: 1 month–12 years range: 15 months–38 years range: 11 years–47 years range: 1 month–47 years

F, females; M, males; median: median of the ages at the time of blood sampling; range: range of the ages at the time of blood sampling.
aEight patients with type I SMA had ages42 years at the time of blood sampling and had undergone tracheotomy and gastrostomy.

Figure 2 Correlation between SMN2 copy number and levels of SMN transcripts in patient groups. Forty-eight SMA patients were studied: 10 with
two copies of SMN2 (2C), 33 with three copies (3C) and 5 with four copies (4C). SMN transcript levels from patient peripheral blood cells are shown
normalized to HPRT expression levels. For details, see Supplementary Table 3 (patients). (a), (b) and (c) represent FL SMN mRNA, D7 SMN mRNA or
total SMN mRNA, respectively. In each panel, vertical bars represent the average of the peak heights of the corresponding amplicon normalized by the
peak heights of the HPRT amplicon. (d) FL/D7 ratios are shown. Each RNA sample was measured in triplicate. For each group, the numbers shown
inside the bar represents the increase in expression level relative to the group with two copies of SMN2. Error bars represent the standard deviation
(SD). For global comparisons between the three groups, the Kruskal –Wallis test was used and found significant (Po0.001). The Mann–Whitney test
with Bonferroni correction was used to compare expression between groups (*Po0.017, **Po0.0017). D7 SMN mRNA, SMN mRNA without exon 7;
FL SMN mRNA, full-length SMN mRNA; SMA, spinal muscular atrophy; SMN, survival motor neuron.

SMN mRNA levels in blood and skeletal muscle
M Vezain et al

1058

European Journal of Human Genetics



peripheral blood cells. To determine the relative contribu-

tion of SMN1 and SMN2 copy numbers to FL mRNA levels,

we considered only subjects with two copies of the SMN1

gene, that is, 66 of the 75 normal control subjects and

measured the different forms of SMN transcripts, for 0, 1

and 2 copies of the SMN2 gene (Figure 5 and Supplemen-

tary Table 3). In Figure 5, panel a shows that FL mRNA

levels correlate with the number of SMN2 copies present in

addition to the two SMN1 copies. Panel b shows that D7
mRNA levels double from one to two SMN2 copies. It is

worth noting that, in the six control individuals lacking

the SMN2 gene, no D7 transcript was detected.

Similar steady-state levels of total transcripts from the
SMN1 and the SMN2 genes

It has been shown that the SMN1 and the SMN2 genes share

quasi-identical promoter sequences and that the activities

of these promoters, when tested using reporter constructs,

are very similar.22,23 Our assay allowed us to compare the in

vivo expression levels of both genes, since it included an

amplicon measuring total transcript levels. We therefore

compared total transcript levels of patients with two SMN2

copies with those of control subjects with two SMN1 copies

and no SMN2 copy, and found that total SMN transcript

levels did not differ between the two groups (data not

Figure 3 Comparison between SMA type and SMN transcript levels in patient groups. The same 48 SMA patients (14 type I SMA, 22 type II SMA
and 12 type III SMA, see Table 2) were grouped according to their disease phenotype. For details, see Supplementary Table 4. (a), (b) and (c) The
averaged relative values of FL, D7 and total SMN transcript, respectively, normalized to the HPRT are shown. (d) shows FL/D7 ratios. Statistical analysis
was performed as in Figure 2. D7, without exon 7; FL, full-length; SMA, spinal muscular atrophy; SMN, survival motor neuron.

Figure 4 Patients with three SMN2 copies display similar mRNA levels, regardless of their SMA type. The subgroups with three SMN2 copies in the
second column of Table 2 are compared for the HPRT-normalized expression levels of D7 mRNA (a) and FL mRNA (b). D7 mRNA, mRNA without exon
7; FL mRNA, full-length mRNA; SMN, survival motor neuron.
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shown). This demonstrates that steady-state levels of total

transcripts from the SMN1 and from the SMN2 gene are

similar. Therefore, if D7 mRNA and FL mRNA have similar

stability, the SMN1 and SMN2 promoters must have the

same strength in vivo, in keeping with their sequence

conservation and the promoter strength measured with

reporter constructs.22–24

Different FL/D7 ratio in skeletal muscle and in
peripheral blood cells

We then asked the question of the relative proportions of

the two main forms of SMN2 transcripts in cell types that

are more relevant to SMA. We therefore compared SMN2

transcripts from blood and from muscle samples obtained

from one type I, six type II and one type III SMA patients,

all with three copies of SMN2. As shown in Figure 6, the

FL/D7 ratio in skeletal muscle from these patients was

0.4770.11 and was significantly different from the ratio in

peripheral blood cells (0.8070.18; Po0.005; t-test). The

ratios, in muscle, for the single type I patient and for the

single type III patient did not differ significantly from

those of the other patients, affected with type II SMA.

These observations suggest that the lower FL/D7 ratio in

skeletal muscle may be due to a different regulation of

alternative splicing of exon 7. While the FL/D7 ratios can

be compared without the need of normalization with a

housekeeping gene product, variations of FL mRNA levels

and of D7 mRNA levels between tissues can be evaluated

only by using appropriate reference mRNAs. Since no data

concerning the stability of expression of the MLH1 or the

HPRT mRNA between skeletal muscle and peripheral blood

are presently available, we were not able to compare FL

mRNA levels, D7 mRNA levels and total SMN mRNA levels

between these two tissues.

Discussion
SMN is an ubiquitous and essential component of small

nuclear ribonucleoprotein assembly.25 One can therefore

envisage that while motor neuron cells are more sensitive

to limiting levels of SMN protein, therapeutic modulation

of SMN expression could be monitored in other cell types,

including peripheral blood cells. Several assays for mon-

itoring SMN mRNA levels in peripheral blood cells have

been described.26–28 These assays were all based on real-

time PCR and required the use of different primer pairs that

target the FL and the D7 mRNAs in separate reactions.

Therefore, accurate calculations of expression levels relied

on the quality of calibration curves and the FL/D7 ratio,

which is a key parameter to reveal the effects of treatments

that modify the splicing pattern of SMN2 exon 7, was

calculated indirectly.28 Our assay differs from recent real-

time PCR-based assays mainly because it allows more direct

comparison of FL, D7 and total SMN mRNA levels. In our

Figure 5 Comparison of SMN copy numbers and SMN transcript levels in controls. SMN transcript levels were measured in 66 control individuals
with constant number of SMN1 (two copies, shown as 2T) and no SMN2 (0C2T, six individuals) or one copy of SMN2 (1C2T, 30 individuals) or two
copies of SMN2 (2C2T, 30 individuals). For details, see Supplementary Table 3 (controls). (a) Normalized and averaged FL SMN mRNA levels.
(b) Normalized and averaged D7 SMN mRNA levels. Transcript levels were measured in triplicate and were normalized using HPRT mRNA levels. Error
bars represent the SD. Note, in (b), that no D7 mRNA could be detected in the six individuals with no copy of the SMN2 gene. Statistical analysis was
performed as in Figure 2. D7 SMN mRNA, SMN mRNA without exon 7; FL SMN mRNA, full-length SMN mRNA; SMN, survival motor neuron.

Figure 6 SMN2 transcript levels in blood and muscle. Blood and
muscle samples were obtained from eight SMA patients with three
copies of the SMN2 gene and transcript levels were measured in
duplicate. The average FL/D7 ratios with error bars representing SD are
shown. Statistical analysis was performed using a t-test (**Po0.005).
D7 SMN, SMN without exon 7; FL SMN, full-length SMN; SMA, spinal
muscular atrophy; SMN, survival motor neuron.
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multiplex fluorescent RT–PCR assay, FL and D7 transcripts

are simultaneously PCR-amplified using the same primer

pair. This design reduces the intersample variability of FL

and D7 measurements to a minimum and FL/D7 ratios can

be calculated directly. Even if the functional implications

of the D7 protein are still debated, the FL/D7 ratio,

measured at the mRNA level, is a valuable indicator of

the effect of treatments that modulate SMN RNA spli-

cing.29,30 Moreover, we have also included into the same

reaction an amplicon that measures total SMN transcripts.

Any significant increase of this value should provide a

direct indication of the effect of drugs that increase SMN

transcription or SMN mRNA stability. In this regard, an

additional advantage of this method is the possibility to

include multiple internal RNA references in the same

reaction, as shown here for the MLH1 and the HPRT

mRNAs. As particular treatments may affect the level of the

present reference mRNAs, one may have to include

additional references for monitoring the effects of parti-

cular drugs in clinical trials. Therefore, the reproducibility

and the sensitivity of this assay provide the basis for its use

in forthcoming clinical assays of SMA.

The analysis of six control individuals lacking the SMN2

gene did not reveal measurable levels of D7 mRNA

expressed from the SMN1 gene. Similarly, using real-time

PCR, analysis of control individuals lacking SMN2 copies

yielded a D7 transcript amount close to zero.26,28 We have

also shown that, in peripheral blood cells of both SMA

patients (Figure 2) and unaffected controls (Figure 5), the

levels of D7 transcripts are linearly dependent on the

number of SMN2 copies. In patients, FL mRNA levels are

also linearly dependent on the SMN2 copy number

(Figure 2). Our data are consistent with those obtained by

Sumner et al,28 concerning the correlation of SMN mRNA

levels with copy numbers. The same study also estimated

to 50% the fraction of peripheral blood SMNmRNA lacking

exon 7, in good agreement with our data, since we show

that the FL/D7 ratio in peripheral blood cells of patients is

close to 0.9 (Supplementary Tables 3 and 4).

We have also shown in patients a weaker inverse

correlation between FL SMN mRNA levels and disease

severity (Figure 3). Similarly to Sumner et al,28 we find that

the FL and D7 mRNA levels of type I patients differ

significantly from those of other SMA types. In addition,

we find an increase of SMN mRNA levels in SMA type III

compared to type II, which is however not significant for

D7 mRNA. The ability to detect a correlation between FL

SMN mRNA levels and the type of SMA appears to be

influenced by the heterogeneity of genotypes within each

phenotypic group. In our series, the distribution of the

genotypes was close to that described by Feldkötter in 375

patients, except for the presence of a slightly higher

proportion of type I patients with three copies of SMN2

in our series (Table 2). We have considered in particular the

patients with three SMN2 copies, who belong to different

phenotypic groups, and found that their FL and D7 mRNA

levels did not differ (Table 2; Figure 4). This indicates that

the genotype determines SMN expression at the mRNA

level in blood cells, suggesting different determinants for

the disease phenotype.

Finally, we have shown that the FL/D7 ratio in blood cells

and skeletal muscle of patients differs significantly

(0.8070.18 versus 0.4770.11), indicating that the D7
mRNA is the predominant form in skeletal muscle

(Figure 6). To the best of our knowledge, this is the first

quantitative comparison of the FL/D7 ratios in skeletal

muscle versus blood cells of patients with the same

genotype. Several studies have described the levels of

SMN isoforms in different tissues of patients compared to

controls.31–34 Interestingly, when comparing SMN tran-

scripts from different tissues in control fetuses, Soler-Botija

et al34 detected the highest amount of FL SMN in control

spinal cord. In SMA spinal cord, they showed a FL/D7 ratio

close to 1, whereas this ratio was close to 0.5 in SMA

skeletal muscle, in very good agreement with our data. In

addition, Soler-Botija et al34 demonstrated a 70% reduction

of the SMN protein in spinal cord of SMA versus control

fetuses and a 35% reduction of SMN protein in skeletal

muscle of SMA versus control fetuses. Taken together, these

data suggest a regulation of exon 7 alternative splicing in a

tissue-dependent manner and raise the question of

whether the regulation of SMN transcription and splicing

is similar in blood cells and motor neurons in response to a

given drug. The generation of motor neuron cell lines

carrying the SMN2 gene would be very useful to answer this

question. At any rate, this assay can be used to determine if

drugs known to affect SMN mRNA levels in cell culture

models also have an effect in vivo.

This new SMN mRNA assay ensured reproducible quanti-

tative measurements of SMN mRNA species even on RNA

from blood samples stored up to 4 days and/or shipped from

distant laboratories. This kind of flexibility, which is essential

in view of establishing useful and reliable biomarkers for

SMA clinical trials, was not observed in assays of SMN

protein levels, which seem to be limited by the instability

of the SMN protein during storage of the samples.26

Nevertheless, protein assays should also be developed as

biomarkers, and a recently developed cell immunoassay

applied to peripheral blood cells is promising.28
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