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Proximal spinal muscular atrophy (SMA) results from loss of the survival motor neuron 1 (SMN1) gene,
with retention of its nearly identical homolog, SMN2. There is a direct correlation between disease sever-
ity and SMN2 copy number. Mice do not have a Smn2 gene, and thus cannot naturally replicate the dis-
order. However, two murine models of SMA have been generated using SMN2-BAC transgenic mice bred

I<E¥W°rd3-' onto a mutant Smn background. In these instances mice die shortly after birth, have variable phenotypes

ga;al muscular atrophy within the same litter, or completely correct the SMA phenotype. Both models have been imported to The
. Jackson Laboratory for distribution to the research community. To ensure that similar results are

Survival motor neuron . . . .. . .

SMN obtained after importation to The Jackson Laboratory to what was originally reported in the literature,

we have begun a molecular and phenotypic evaluation of these mouse models. Here we report our find-
ings for the SMA mouse model that has been deposited by the Li group from Taiwan. These mice, JAX
stock number TJL-005058, are homozygous for the SMN2 transgene, Tg(SMN2)2Hung, and a targeted
Smn allele that lacks exon 7, Smn1‘™Hu"¢_Qur findings are consistent with those reported originally for
this line and clarify some of the original data. In addition, we have cloned and mapped the integration
site for Tg(SMN2)2Hung to Chromosome 4, and provide a simple genotyping assay that is specific to
the junction fragment. Finally, based upon the survival data from our genetic crosses, we suggest that this
underused SMA model may be a useful compliment or alternative to the more commonly used “delta7”
SMA mouse. We provide breeding schemes in which two genotypes of mice can be generated so that 50%
of the litter will be SMA-like pups while 50% will be controls.

Mouse models

© 2009 Elsevier Inc. All rights reserved.

Introduction produced from SMN2 is not enough to fully compensate for the loss

of SMN1. Family studies have demonstrated that SMN2 modifies

Proximal spinal muscular atrophy (SMA) is a neuromuscular
disease and the leading heritable cause of infant mortality [1]. It
is linked at the molecular level to the survival motor neuron
(SMN) genes. Due to an inverted duplication at the 5q13 locus, hu-
mans contain two nearly identical copies of the SMN gene, SMN1
and SMN2; however, only mutations in SMN1 are responsible for
spinal muscular atrophy [2]. The critical difference between
SMN1 and SMNZ2 is a silent, single nucleotide transition within exon
7 that disrupts an exonic splicing enhancer in SMN2 [3]. This re-
sults in small amounts of full-length transcripts from SMN2 and
high levels of a differentially spliced isoform that lacks exon 7
(A7SMN). Consequently, the small amount of functional protein
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disease severity in a dose dependent manner [2,4]. Thus, SMA is
not a true loss of function disease but one of insufficient SMN
dosage.

In contrast to humans, mice contain a single copy of the Smn
gene that does not alternatively splice Smn exon 7 [5]. Disruption
of the locus so that no protein is produced results in embryonic
lethality prior to implantation [6]. Mice cannot naturally replicate
the disease, so to recapitulate the genetic situation seen in SMA pa-
tients and test the hypothesis that human SMN2 acts as a disease
modifier, two groups generated transgenic mice that contained
the entire human SMN2 locus. Both have generously been placed
at The Jackson Laboratory (TJL) for distribution to the research
community (TJL-005024 and 005058) [7,8].

The TJL-005024 mice were generated in The Burghes Labora-
tory. The SMN2 transgene, SMN2(89Ahmb), that was used in this
model contains only the SMN2 genomic locus and is on a null
Smn background (Smn /") [6]. This model has been used to gener-
ate additional SMA model mice by breeding SMN cDNA transgenes
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onto it [9,10]. In contrast, the TJL-005058 mice that The Li Labora-
tory generated used a SMN2 transgene, Tg(SMNZ2)2Hung, that con-
tained SMN2, the small EDRK-rich factor (SERF1) gene and a
portion of the neuronal apoptosis inhibitory protein (NAIP) gene on
a A7Smn background [7].

Although there are differences between these transgenic mod-
els, the critical observations are the same: (1) SMN2 is able to com-
pliment the embryonic lethality of mutant Smn mice, (2) an
increase in SMN2 copy number correlates with a milder disease
course, as seen in human family studies [4] and (3) if enough
SMN2 copies are introduced into the mouse germline the SMA phe-
notype can be completely rescued. One major phenotypic differ-
ence that exists between these two SMA models is that The
Burghes Laboratory SMA-like mice present with consistent pheno-
types within the same litter [8]. In contrast, the Li group reported
severe, intermediate and mild SMA-like mice being born within the
same litter [7]. Familial phenotypic heterogeneity occurs infre-
quently in humans and has not been reported in other SMA mouse
models [8-10].

Since the initial reports of these models by both groups, the Li
mouse model has been infrequently used. This may be due to con-
fusion of the original molecular and phenotypic characteristics that
were reported. Here, we provide a molecular analysis of the SMN2
transgenic line and Smn-targeted allele that the Li group has
deposited to The Jackson Laboratory for distribution to the re-
search community. We cloned and mapped the integration site of
the SMN2 transgene and demonstrate that this is the same SMN2
transgenic mouse that has been distributed to researchers in Eur-
ope. Consequently, we believe that all groups that have the Li
mouse model have received SMN2 founder line 2 from the original
publication [7]. We have performed genetic crosses to re-evaluate
the multi-phenotype litters and provide data that clarify the origi-
nal results. Based on our findings, we suggest that mice generated
from our proposed breeding scheme be used to compliment or re-
place the commonly used “delta7” SMA mouse model (TJL-005025)
in SMA research.

Materials and methods

Mice. Mice were bred, maintained and used in accordance with
approved IACUCs at JAX and CMRC. The generation and initial char-
acterization of the mice used here, Tg(SMN2)2Hung founder line 2,
and the Smn-targeted allele, Smn1™Hu"¢ has previously been re-
ported [7]. These mice were imported into The Jackson Laboratory
for re-derivation and distribution. After re-derivation the alleles
were assembled through intercrosses so that the line maintained
and distributed by JAX is homozygous for both Tg(SMN2)2Hung
and Smn1t™Hune (Tg(SMN2)2Hung'®'8; Smn]imiHung/tmitungy op 4
FVB/N background. The JAX strain name is FVB.Cg-Tg(SMN2)2Hung-
Smn1t™Hu"g/1 and the stock number is 005058. For simplicity we re-
fer to them as TJL-005058.

RT-PCR. RT-PCR was performed on first-strand cDNA to amplify
three amplicons: SMN 6-8, SMNex6For(177): 5'-CCCATATGTCCAG
ATTCTCTTGAT; SMNex8Rev(178): 5-CTACAACACCCTTCTCACAG;
Smn 5-8, ex5For(741): 5'-TCCCTTCAGGAC CACCAATA; ex8Ar-
ev(495): 5-CCACTGATGACGAGGAGACG; amplicons are 279 bp
(+7) and 232 bp (-7). Actin: mActBfor(550): 5'-GACCCAGATCATGT
TTGAGA; mActb#2 rev(552): 5-ATGCCACAGGATTCCATACC. The
amplicon is 465 bp.

Genotyping. Genotyping the Smn1™Hu"¢ 3]lele was as described
in [7]. Tg(SMN2)2Hung Junction PCR: LiVTSP3C(690): 5'-TGTCTTGA
GCCAAGTTAGCC, 7LiTg Rev3(698): 5'-CCTGCTCCTGCCTATGAAGT
and Liunk-Fwd1(737): 5-TTGCTTTATGACTCTTGATACCTG to am-
plify a wild type band of 890 bp (737 and 698) and a junction band
of 250 bp (690 and 698) using an annealing of 62C and reaction

conditions of 5 mM MgCl,, 0.25 mM dNTP and 50 ng of each pri-
mer. SMN2 general PCR: F(538): 5-CATATGTCAGAGTGTACAGT
GCAG; and R(539): 5'-GGTGCTCACATTCCTTAAATTAAG. The ampli-
con is 380 bp.

Vectorette PCR. Bgl 11 digested TJL-005058 genomic DNA [2 pg]
was ligated to Bgl II vectorette linkers and used in sequential
rounds of nested PCR. The final 390 bp product was cloned and se-
quenced and found to be a fusion from BAC7C and Chrm 4. The
Chrm 4 sequence is from two distinct regions separated by
18.5kb (NCBI: 6384151-6384307 and 6402953-6402859). PCR
amplification is accomplished from the most distal fragment
(6402953-6402859) to the Tg(SMN2)2Hung transgene, suggesting
a deletion of the 18.5 kb region. Sequence analysis of the transgene
specific PCR product confirms this.

Results and discussion
Molecular characterization of TJL-005058 mice

The generation and initial characterization of the mice used
here, TJL-005058, (Tg(SMN2)2Hung'®®®; SmnitmiHung/tmiHung) pq
previously been reported [7] and their importation into The Jack-
son Laboratory is detailed in Material and methods. As a first step
to molecularly characterize this model, we assessed the expression
pattern of the SMN2 transgenic allele, Tg(SMN2)2Hung, as well as
the endogenous A7Smn allele, Smn1™Hu"8_ For this, tissues were
harvested from 1-month-old mice that were homozygous for both
the transgene and the targeted Smn allele. SMN2 expression was
analyzed by RT-PCR using human specific primers in SMN exons
6 and 8. Consistent with previous results, we found SMN2 to be ex-
pressed in all tissues and to produce a greater amount of tran-
scripts that lack SMN2 exon 7 than those that include exon 7
(Fig. 1A and data not shown). We also confirmed using murine spe-
cific Smn primers in exons 5 and 8 that only transcripts that lack
Smn exon 7 are produced from the Smn1™™M4¢ allele (Fig. 1B).
These results confirm the RNA expression data originally reported
by Hsieh-Li et al. [7] and dispel any suggestion that a small amount
of full-length transcripts are produced from the murine
Smn1tmIHunE glele.

Since the original report described five different founder SMN2
lines, we focused our attention on characterizing the SMN2 trans-
genic allele, Tg(SMN2)2Hung. The five founder SMN2 lines were
generated by microinjection of a 115 kb DNA fragment from BAC
clone, 7C. This genomic fragment contains the entire SMN2 locus
as well as upstream and downstream sequences that encompass
an intact centromeric SERF1 gene and a portion of the NAIP gene
[7]. The SMN2 founder line that was donated to The Jackson Labo-
ratory was founder line 2, which has two copies of SMN2. We per-
formed sequence tagged site (STS) content mapping using human
specific primer pairs to determine that Tg(SMN2)2Hung is at least
112 kb in size and has a maximal 5 and 3’ deletion of >1 kb and
3 kb, respectively (data not shown). Since two tandem copies of
Tg(SMN2)2Hung have integrated into the mouse genome and STS
content mapping only scores the presence or absences of se-
quences, it may very well be that each copy is not 112 kb in size
and one fragment may be larger than the other.

To determine the integration site of Tg(SMN2)2Hung, we used
the STS content information as a starting point to design a series
of primers for use in vectorette PCR. We were able to clone one
side of the integration site using this method. A BLAST search
of the non-redundant database using the unique sequence that
we obtained indicated that Tg(SMN2)2Hung integrated into an
intergenic region of Chrm4 between the Toll-like receptor (Tlr4)
gene and an EST sequence located ~165 kb and 47 kb proximal
and distal to the transgene, respectively (Fig. 2A and B). The inte-
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Fig. 1. Analysis of human and murine SMN transcripts. (A) RT-PCR analysis of SMN exons 6-8 in wild type and TJL-005058 mice. Total reference human cDNA from Stratagene
was used as a positive control. Only TJL-005058 mice express human SMN and demonstrate the specificity of the primer set for human SMN sequence. Transcripts lacking
exon 7 are more abundant than those that include exon 7 in TJL-005058 mice as would be expected from SMN2 expression. (B) RT-PCR analysis of wild type and TJL-005058
mice using murine specific primers in Smn exons 5-8. Wild type mice do not alternatively splice Smn exon 7 and all transcripts contain exon 7, whereas TJL-005058 mice,

which are homozygous for the Smn1™1Hu"¢ 3]lele, only express transcripts that lack exon 7. Actin was used as a positive control for RT-PCR reactions. Abbreviations: FL denotes
transcripts containing exon 7, A7 denotes transcripts lacking exon 7.
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Fig. 2. Tg(SMN2)2Hung transgene integration structure. (A) Schematic of the transgene integration on murine Chromosome 4. The integration site is 165 kb downstream of
Toll-Like Receptor 4 (TIr4) gene and 47 kb upstream of novel bladder cancer associated gene ENSMUSG00000064154. Dots surround the second copy of SMN2 as we do not
know how much of this trangene is present outside of the SMN2 region. (B) Sequence of vectorette PCR clone 2B4 used to identify the genomic integration site. Bold letters are
sequence derived from BAC7C, and regular letters are those found on Chromosome 4. The gray italicized letters are the 154 bp found in Chromosome 4 proximal to the 18.5 kb
deletion and those not shaded are distal. (C) Genotyping assay specific for the Tg(SMN2)2Hung-Chr 4 junction. Note that the WT band persists in the homozygous transgenic

mice. This is most likely due to a duplication of sequence that occurred during transgene integration.

gration site was confirmed by PCR analysis after designing prim-
ers, one of which matched BAC 7C genomic sequence, and two
within the genomic region where the transgene integrated
(Fig. 2C). A wild type allele amplifies an 890 bp fragment while
a transgenic hemizygous allele amplifies two products, a 250 bp
junction fragment as well as an 890 bp wild type fragment. This
assay is unable to differentiate whether Tg(SMN2)2Hung is pres-
ent in a hemizygous or homozygous state. We believe this is
due to a genomic duplication that has occurred at the integration
site since we consistently amplify a wild type fragment. In addi-
tion, it is clear that an 18.5 kb deletion has occurred 154 bp
downstream of the junction site (exact nucleotides are provided
in the material and methods).

Several publications that utilized the Li mouse model for their
studies obtained the line directly from The Li Laboratory [11,12].
To determine whether those studies used the same SMN2 trans-
genic line that has been imported to The Jackson Laboratory, we
performed our integration specific assay with DNA obtained from
those mice. Based on our results, we concluded that the same
SMN?2 transgene, Tg(SMN2)2Hung founder line 2, was used (Supple-
mentary Fig. 1).

Phenotypic characterization of Tg(SMN2)2Hung founder line 2 bred
onto a A7 Smn background

It was originally described by Hsieh-Li [7] that SMA-like mice
representing severe, intermediate and mild forms of the disease
could be found within the same litter when Tg(SMN2)2Hung foun-
der line 2 was bred onto the A7Smn mutant background
(Smn1tmiHung/tmitungy 171 Familial heterogeneity of SMA occurs
infrequently in humans and large phenotypic differences have
not been reported in other SMA model mice [8-10]. Hence to phe-
notypically characterize the mice that were imported to The Jack-
son Laboratory and further investigate the large phenotypic
heterogeneity from the original report, we performed a series of
genetic crosses and monitored the resulting progeny for survival,
phenotype and general appearance.

First, we evaluated TJL-005058 mice as they are homozygous at
both loci (Tg(SMN2)2Hung'®'¢; Smn1tmiHung/tmiHung) They were able
to breed normally and 100% of the offspring were normal except
for a short thick tail that was noticeable at about 2 weeks of age.
As with other long-lived SMA model mice or those with induced
survival from therapeutic treatment, the tail became necrotic from
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the tip around or just after weaning and usually fell off by 1 month
of age [8,10,13]. The tail necrosis was not immediately progressive
but extended to the pinnae of the ears and feet later in life. The re-
sults were consistent and there was no variability in phenotype. It
is these mice, which have a total of four copies of SMN2 (2 from
each Tg(SMN2)2Hung allele) being expressed on a mutant A7Smn
background, that Hsieh-Li et al. [7] reported as having mild SMA.
His group has used these mice in studies that involve very late on-
set SMA symptoms after more than 9 months of age [14-16].

We next intercrossed mice that were hemizygous for
Tg(SMN2)2Hung and heterozygous for the Smn1™!Hung jjlele to
determine if severe, intermediate and mild SMA mice could be
generated in the same litter using only this SMN2 transgene. The
resulting pups could potentially have either 0, 2 or 4 copies of
SMN2 depending on whether the mouse was wild type, hemizy-
gous or homozygous for Tg(SMN2)2Hung, respectively. For this
intercross we used F1 progeny from a 10th mating of a 3rd gener-
ation TJL-005058 mouse (F10N3) that had been crossed to a FVB/N
mouse. In total, 20 matings were set that represented an intercross
between Tg(SMN2)2Hung'®¥°; Smn1™Hun&T mice. A total of 245
live born pups from 29 litters were monitored for survival from
birth to adulthood and this represented an average litter size of
just over eight pups (8.4 exactly). Table 1 provides the expected
vs. actual number of pups obtained for each of the nine genotypes
that could be generated. We obtained no pups that were solely
homozygous for the targeted Smn allele (Smn1™!Hung/tmiHungy thjq
was consistent with previous results of mice that express A7Smn
[7,17]. In addition, the actual number of pups that were homozy-
gous for both the SMN2 transgene and the targeted Smn allele
(N=17; Tg(SMN2)2Hung'®¢; SmnitmiHung/tmiHung) yyere approxi-
mately equal to that expected for this genotype (N = 16). This sur-
vival result was consistent with our breeding stock of TJL-005058
mice (Tg(SMN2)2Hung'®'8; Smn1tm!Hung/tmiHungy that have four cop-
ies of SMN2 and we verified that all 17 mice had tail necrosis. Inter-
estingly, based upon mendelian ratios we expected ~33 mice to be
born that were hemizygous for the SMN2 transgene and homozy-
gous for the targeted allele (Tg(SMN2)2Hung'®°; SmnitmiHung/
tmiHung) byt we obtained only 12 (Table 1). The deviation from
the expected ratio could be the result of in utero death. It could also
be that pups were born but died and were cannibalized prior to
morning observation on PO. The maximal survival of the pups that
were born was 17 days, with an average and median survival of 12
and 13 days, respectively. A Kaplan-Meier survival graph of mice
hemizygous for Tg(SMN2)2Hung and homozygous for Smn1tm!Hune
alleles is shown in Fig. 3. All of these mice have a total of two
copies of SMN2 (from a single SMN2 transgene allele) expressed
on a A7Smn background.

Overall, the survival results that we obtained from our F1 inter-
cross were consistent with the original report by Hsieh-Li et al. [7].
Severe SMA pups die within 1-7 days of birth, intermediate pups

Table 1

Expected vs. actual outcome from Tg(SMN2)2Hung'®?; Smn1™Hun&WT intercross.
Tg(SMN2)2Hung Smn1tm1Hung/] Expected Actual
Wild type Homozygous 16.25 0
Hemizygous Homozygous 325 12°
Homozygous Homozygous 16.25 17
Wild type Heterozygous 325 36
Hemizygous Heterozygous 65 73
Homozygous Heterozygous 325 36
Wild type Wild type 16.25 11
Hemizygous Wild type 325 30
Homozygous Wild type 16.25 19

Total 260 235

2 Deviation from expected number and signifies loss either in utero or cannibal-
ization prior to first morning observation on the day of birth.

Survival of (SMN2)2Hung'9’°;
Smn1tm1Hung/tm1Hung
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Fig. 3. Kaplan-Meier survival analysis of SMA-like mice that are hemizygous for
Tg(SMN2)2Hung and homozygous for the Smn1™Hun j]lele.

die between 12 and 17 days of age, and finally mild SMA mice have
a necrotic tail and late in life present with muscle weakness. We
believe a lack of clarity of how the genetic crosses were performed
and the reporting of the subsequent results generated confusion in
the original and subsequent publications by others.

It remains unclear why mice of the identical genotype
(Tg(SMN2)2Hung'®®; Smn1t™m1Hung/tmiHungy £3]] jnto disease catego-
ries of either severe (death 1-7 days) or intermediate (death 12-
17 days). The simplest explanation would be that the cross origi-
nally reported by Hsieh-Li [7], as well as the one we performed
was not on a fully congenic FVB/N background. This is similar to
our experience using a hybrid FVB/N background with the most
commonly used SMA mouse model, the “delta7” SMA mouse
(TJL-005025; SMN2Ahmb89'¢'8; SMNA7'¥%:Smn1-/)[9]. We can
find SMA pups that are significantly weaker than other mutants
within the same litter. They fail to gain weight and die by P5-P7
while their mutant siblings survive to P13 (unpublished data and
[18]). Hence we feel that Tg(SMN2)2Hung'®?; Smn1tm!Hung/tmiHung
mice are equivalent to “delta7” SMA mice and could be used to
compliment or replace them for pre-clinical and pathological stud-
ies. It should be noted that the extensive necrosis that occurs in
“delta7” SMA mice that have extended survival through some ther-
apeutic means, will most likely occur with these mice as well.

There are two advantages for using TJL-005058 mice. The first is
that Tg(SMN2)2Hung'®/%; Smn1tmiHung/tmiHung offspring can survive
to 12-17 days without over-expressing high levels of A7SMN pro-
tein as does the “delta7” SMA mouse model. The second is the po-
tential to generate mice in which only two genotypes, mutants or
controls, will be born at a 1:1 ratio. We provide two different
breeding schemes by which this can be achieved (Fig. 4A and B).

The first breeding scheme is for those who have access to TJL-
005058 mice (Fig. 4A). In this strategy, TJL-005058 mice can be
outcrossed to FVB/N mice to generate F1 progeny that are all hemi-
zygous for SMN2 and heterozygous for the Smn1™H"¢ a]lele. Sub-
sequently, these F1s can be backcrossed to FVB/N mice to generate
F2 progeny. These F2s should be genotyped, and only those mice
that are positive for the Smn1""Hu"¢ 3]lele and negative for the
SMN?2 transgene should be maintained and developed into a stock
line. A cross between TJL-005058 mice that are homozygous for
both Tg(SMN2)2Hung and Smn1™Hu to mice that are heterozy-
gous for the Smn1™Hu 3]lele should yield litters in which 50%
of the pups are either controls or SMA mutants. The actual percent-
age may deviate from this based upon our intercross data (Table 1).

The second strategy (Fig. 4B) is for those investigators that either
cross Smn1tmHue heterozygotes to Tg(SMN2)2Hung ¥/%; Smn1tm1Hune/
" mice or intercross Tg(SMN2)2Hung'®?; Smn1tmHun&/Wt mice and use
gPCR to determine SMN2 copy number. In this scenario an intercross
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Fig. 4. Breeding scheme to generate SMA litters with a lifespan similar to “delta7” SMA mice. (A) Breeding scheme for researchers that have access to TJL-005058 mice from
The Jackson Laboratory. Genotypes of mice that are boxed represent progenitor lines or breeding stocks that are used for the final cross of obtaining SMA-like mice. (B)
Breeding scheme for those that do not have access to TJL-005058 and maintain their Li mouse model as a SMN2 hemizygote and Smn heterozygote. Note in both schemes the
expected value of 50% control and 50% SMA-like pups are shown, but the actual value may differ based upon data presented in Table 1.

between mice that are hemizygous for SMN2 and heterozygous for
Smn1"™Hune results in F1 progeny that are scored phenotypically.
Only those mice that survive and lose their tail should be kept. These
mice are homozygous for both Tg(SMN2)2Hung and Smn1™Hu"g [
contrast, mice that are either heterozygous for the Smn1™Hung a]le]e
or wild type at the endogenous Smn locus will have a tail and should
be sacrificed. Finally, SMA mutant mice that are hemizygous for
SMN2 and homozygous for Smn1™1Hun¢ 3leles will die. The mice that
survive and lose their tail are equivalent to the TJL-005058 line and
can be crossed to heterozygous Smn1™ "¢ mjce to generate litters
in which half of the pups that are born alive should be mutants.

In summary we have evaluated molecularly the SMN2 trans-
gene, (SMN2)2Hung, and the targeted Smn allele, Smn1™Hung, We
find that these lines, which have been deposited at The Jackson
Laboratory, are consistent with the original report by Hsieh-Li [7]
for the SMN2 founder line 2 and the targeted Smn mutation. Our re-
sults also demonstrate that this is the same SMA model reported
by The Charbonnier Laboratory in France [11,12]. Finally our phe-
notypic results confirm and clarify the original results reported
by Hsieh-Li [7]. We suggest that this underused SMA model serve
as a compliment or possible alternative to the “delta7” SMA model
and provide two different breeding schemes that can be used to
generate litters in which 50% of the pups that are born alive will
be mutants.
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