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Neuronal degeneration in spinal muscular atrophy is caused by
reduced expression of the survival motor neuron (SMN) protein.
SMN and the tightly interacting Gemin2 form part of a macromo-
lecular complex (SMN complex) that mediates assembly of spliceo-
somal small nuclear ribonucleoproteins (U snRNPs). We used mouse
genetics to investigate the function of this complex in motoneuron
maintenance. Reduced Smn/Gemin2 protein levels lead to dis-
turbed U snRNP assembly as indicated by reduced nuclear accu-
mulation of Sm proteins. This finding correlates with enhanced
motoneuron degeneration in Gemin2*/~/Smn*/~ mice. Our data
provide in vivo evidence that impaired production of U snRNPs
contributes to motoneuron degeneration.

Autosomal recessive spinal muscular atrophy (SMA) is one of
the most frequent monogenic disorders leading to morbid-
ity in childhood and death in infancy. The disease is character-
ized by progressive degeneration of motoneurons resulting in
atrophy and weakness of voluntary muscles (1). Positional
cloning strategy showed that mutations or loss of the survival
motor neuron (SMN) gene cause SMA (2). The SMN gene exists
in two copies, termed SMNI and SMN2, on human chromosome
5q13 (2, 3). Whereas the SMNI gene allows expression of the
functional (i.e., full-length) protein, the major product of the
SMN?2 gene is a differentially spliced and therefore truncated
and nonfunctional protein that lacks exon 7 (4). Only homozy-
gous absence of SMNI is responsible for SMA, whereas ho-
mozygous absence of SMN2, found in about 5% of controls, has
no clinical phenotype (5). As a consequence, SMA patients
express only low levels of functional SMN protein, resulting in
the disease phenotype.

Except for humans and primates (6), all other organisms
analyzed so far, including rodents, Drosophila melanogaster,
Caenorhabditis elegans, and Saccharomyces pombe contain only
one copy of the Smn gene which is equivalent to SMNI1 and,
hence, express the full-length Smn protein (7-11). Gene target-
ing studies in mice revealed that the Smn protein is essential for
cellular viability in general (8). However, mice that express
reduced levels of Smn, as observed in Smn heterozygous defi-
cient mice, or transgenes that harbor the human SMN2 gene in
a Smn null background develop motoneuron disease similar to
SMA (12, 13).

The SMNI gene encodes an ubiquitously expressed protein of
294 amino acids that is located in the cytoplasm and the nucleus,
where it is concentrated in specific nuclear structures called gems
(gemini of coiled bodies) (14). Previous studies have shown that
SMN is a component of one or several large complexes (termed
SMN complexes) (15, 16). Proteins that interact directly or
indirectly with SMN, and may hence be part of the aforemen-
tioned complexes, have been identified. These include the SMN
interacting protein 1 (Gemin2) (14), the putative DEAD box
helicase dp103/Gemin3 (17-19), the Gemin3 interacting protein
Gemind /GIP1 (16, 20) p175/Gemin5, unrip, hsc70 (21, 22) and
Gemin6 (23). Interestingly, SMN has also been shown to interact
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directly with Sm proteins, i.e., common components of the small
nuclear ribonucleoproteins (U snRNPs) (24, 25). This finding
suggested a functional link between SMN and the cellular
splicing machinery. Indeed, studies in Xenopus laevis oocytes and
in vitro revealed a role of SMN in the biogenesis of spliceosomal
snRNPs U1, U2, U4, and U5 (26, 27). This process involves the
transient export of the U snRNAs to the cytoplasm where the
seven related Sm proteins, B/B’, D1, D2, D3, E, F, and G are
stored. The Sm proteins assemble onto U snRNAs and form the
Sm core, a ring-like structure common to all spliceosomal U
snRNPs. The assembled particles are then targeted to the
nucleus where they function in splicing (28). SMN, as part of a
macromolecular complex, has been shown to facilitate the
formation of the Sm core, most likely by regulating the proper
binding of Sm proteins onto U snRNAs (21, 24, 26). Hence, the
SMN complex has a function in the assembly of spliceosomal U
snRNPs and possibly other RNP complexes.

Only little is known about genetic defects in other components
of the SMN complex, and whether they are of pathophysiological
relevance for SMA. A first study investigating mutations in the
Gemin2 gene did not reveal any alteration in 26 patients from 11
SMA families with homozygous SMNI! mutations. Although
patients within families exhibited identical alterations in the
SMN gene, they showed variations in disease phenotype indic-
ative of other disease modifying genes. Thus, it was concluded
that Gemin2 mutations are rare and they do not function as a
disease modifier in SMA (29). However, this study did not
address the point whether levels of Gemin2 protein are altered
in these patients by mechanisms such as, for example, reduced
levels of SMN protein (30).

A model arising from the data described above suggests that
patients expressing only low levels of SMN, exhibit defects in the
biogenesis of snRNPs, and hence are suffering from SMA. To
test this model, we have used a genetic strategy to investigate the
consequence of reduced amounts of Smn complex in mice. By
gene targeting, we generated mice that are deficient for one or
both copies of Gemin2. Whereas the homozygous knockout of
the gene resulted in early embryonic lethality, Gemin2 heterozy-
gous deficient mice were viable and were crossbred with Smn
heterozygous deficient mice. The resulting double heterozygous
mice showed a degeneration of lumbar spinal motoneurons,
which is significantly higher than in Smn heterozygous deficient
mice. Most interestingly, degenerating motoneurons exhibited a
marked defect in U snRNP assembly, as monitored by the
reduced accumulation of Sm proteins in the nucleus. This finding
indicates that reduced amounts of Smn complex leads to im-
paired production of spliceosomal U snRNPs and thus to
motoneuron degeneration. Our data favor the idea that impaired

Abbreviations: SMA, spinal muscular atrophy; SMN, survival motor neuron; snRNP, small
nuclear ribonucleoproteins.
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assembly of spliceosomal U snRNPs contributes to the patho-
physiological mechanisms in SMA.

Materials and Methods

Generation of Gemin2 Gene Knockout Mice. A targeting construct
containing a 1,149-bp fragment of the promoter region including
the start codon of the Gemin2 gene (Nhel-Ncol fragment) was
fused in-frame to the EBFP gene. The 3’ flanking region
consisted of a 4,016-bp fragment of the Gemin2 genomic se-
quence (Bg/II-Pst] fragment). The construct was electroporated
into E14Tg2a-IV embryonic stem cells, and clones were selected
in the presence of G418. Genotyping was done by nested PCR
using primers corresponding to the 5 flanking region of the
targeting construct and reverse primers corresponding to the
EBFP region. The wild-type allele was detected with primers
corresponding to exon 2 and intron 1. A total of 516 clones were
picked after transfection and G418 selection, and 497 clones
were tested by PCR. After the first screening, 38 clones were
identified as positive and subjected to Southern blot analysis, as
shown in Fig. 1b. Nine of these clones showed a wild-type (9 kb)
and a mutant (6 kb) band with similar intensities, and two clones
were used for blastocyst injection. Chimeric mice were bred with
female C57BL/6 mice, and germ-line transmission of the mutant
Gemin2 allele was tested by coat color and genotyping as
described above.

Analysis of Gemin2 Knockout Embryos. Gemin2*/~ female mice
were superovulated and bred with Gemin2*/~ males. At approx-
imately 56 h after mating early morulae were isolated and
transferred to M16 medium overlaid with mineral oil and
incubated at 37°C and 5% CO as described (31). Embryos were
photographed at 1 h and 72 h after initiation of culture before
they were harvested for DNA analysis by PCR. Each embryo was
transferred into a PCR tube, and the PCR was performed under
the condition described above. Amplification of the mutant and
the wild-type allele were performed with primer pairs used for
genotyping of heterozygous and wild-type offspring. The PCR
products were transferred to a nylon membrane and hybridized
with a probe spanning the amplified mutant and wild-type
region. The blots were exposed to a Fuji x-ray film.

Western Blotting. Tissue preparation, processing for Western blot
analysis and immunohistochemistry was performed as described
(30). Primary antibodies included the anti-Smn antibody IgG1,
250 pg/ml (Transduction Laboratories, Lexington, KY), a rabbit
antiserum against human Gemin2 (16), a SmD3 rabbit anti-
serum, and the monoclonal anti-actin antibody (1 mg/ml)
(Roche) were diluted 1:1,000 in 5% instant milk in Tris-buffered
saline (TBS). Goat anti-mouse and anti-rabbit horseradish
peroxidase-conjugated antibodies (Roche) were used at a dilu-
tion of 1:10,000 with 5% instant milk in TBS. The quantification
analysis of the Western blots was performed by using the AIDA
software as described (12).

Immunohistochemistry. For immunohistochemistry, the mouse
monoclonal antibody Y12 (32) was used at a 1:1,000 dilution in
TBS/10% BSA. Anti-mouse Cy3 (Rockland, Gilbertsville, PA)
was applied as a secondary antibody, diluted 1:300 in TBS/10%
BSA.

Nissl Staining of Spinal and Facial Motoneurons. Mice were deeply
anaesthetized and transcardially perfused with fixative as de-
scribed (33). Paraffin serial sections of brainstem and spinal cord
were prepared, and motoneurons were counted in every Sth
section of the brainstem and every 10th section of the lumbar
spinal cord (L1-L6). Raw counts were corrected for double
counting of split nucleoli as described (33). Differences between
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Fig. 1. Homologous recombination of the Gemin2 locus in mice and char-
acterization of wild-type and Gemin2 targeted preimplantation embryos. (a)
An EBFP-Neo-cassette (large green arrows) was inserted into exon 1 of the
Gemin2 gene by homologous recombination (dashed lines in red) in mouse
embryonic stem cells. Small blue arrows indicate the position of primers used
for genotyping and the horizontal blue bar indicates the DNA probe used for
Southern blot analysis of EcoRI-digested genomic DNA. Exons are marked in
red. (b) Southern blot analysis of Gemin2*/~ and wild-type mice with EcoRI-
digested genomic DNA. All Gemin2*/~ clones identified by PCR showed an
EcoRI fragment of 6.5 kb indicative for the mutated allele along with the
9.0-kb wild-type allele fragment. (c) No morphological alterations were ob-
served at the morula (Upper) and blastocyst stages (Lower) in Gemin2~/-,
Gemin2*/~, and wild-type embryos. (d) Genotyping by PCR and subsequent
Southern blotting showed products corresponding to the wild type (WT, 1.6
kb) and the mutant allele (KO, 1.2 kb).

groups were evaluated with ANOVA test (significance level
P < 0.05), applying GraphPad pPRISM software (San Diego).

Results

Gene Targeting of the Murine Gemin2 Gene Leads to an Embryonic
Lethal Phenotype. To assess the consequence of Gemin2 defi-
ciency for motoneuron degeneration and U snRNP assembly, we
inactivated Gemin2 by a gene targeting approach. For this
purpose, a genomic bacterial artificial chromosome clone con-
taining the entire coding region for murine Gemin2, including its
5"and 3’ flanking regions, was selected. Exon 1 and part of intron
1 were deleted in the targeting construct (Fig. 1a). The construct
was electroporated into E14Tg2a-IV embryonic stem cells and
clones were selected in the presence of G418. Homologous
integration of the targeting construct into the Gemin2 locus was
analyzed by PCR and Southern blot analysis (Fig. 1b).
Gemin2-targeted stem cell clones were injected into C57BL/6
blastocysts and gave rise to germ line transmission of the
mutated allele. Chimeras were mated with C57BL/6 females and
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the heterozygous offspring was backcrossed with C57BL/6 mice.
Gemin2 heterozygous intercrosses segregated Gemin2™/~ and
Gemin2*/* in a 2:1 ratio. Gemin2™/~ mice appeared healthy and
were backcrossed with normal C57BL/6 mice for at least three
generations to achieve a C57BL/6 background.

No homozygous Gemin2~'~ mice with C57BL/6 background
were born, indicating that Gemin2 is essential for embryonic
viability. To determine the time point when homozygous defi-
cient Gemin2 mice die, preimplantation embryos from Ge-
min2*/~ intercrosses were isolated as uncompacted 5-7 cell
morulae at 56 h post coitum (Fig. 1¢ Upper). After incubation for
3 days, the embryos had progressed to the blastocyst stage (Fig.
1c Lower), which allowed the determination of their genotype by
PCR (Fig. 1d). Gemin2~'~ and Gemin2*/~ embryos were indis-
tinguishable from wild-type controls, indicating that the devel-
opment to the blastocyst stage progressed normally (Fig. 1c).
Analysis of E12 embryos derived from heterozygous intercrosses
did not show any Gemin2~'~ homozygous deficient progenies or
any signs of uterine resorption. Together, these data suggest that
Gemin2~'~ embryos die during or shortly after implantation.

Gemin2 Protein Levels in Gemin2*/~ Mice Are Not Reduced in Spinal
Cord Tissue. Previous studies have shown that Smn and Gemin2
protein levels are co-regulated in SMA patients and mice with
reduced expression of Smn (30). Thus, Smn™/~ mice exhibit
reduced Gemin2 in addition to reduced Smn protein levels. To
investigate whether Gemin2 gene-dose reduction results in al-
tered Gemin2 and Smn protein levels, various tissues from
7-month-old wild-type and heterozygous deficient Gemin2 mice
were investigated by Western blot analysis (Fig. 2 a and b). As
expected, Gemin2 levels in Gemin2*/~ mice were reduced by
about 50% in heart, kidney, lung, and brain. However, a reduc-
tion of Smn protein was not observed in any of these tissues,
indicating that Smn protein levels are not affected by alterations
in Gemin2 expression. Remarkably, despite of the lack of one
Gemin?2 allele, Gemin2 protein levels in spinal cord were unal-
tered in comparison to wild-type mice. Thus, Gemin2 is either
stabilized or its expression is up-regulated in the spinal cord of
Gemin2*'~ mice.

Mice Double Heterozygous Deficient for Smn and Gemin2 Exhibit
Enhanced Motoneuron Loss in Spinal Cord. The Gemin2-deficient
mice were used to investigate the role of Smn and Gemin2 in
motoneuron cell death. Previous studies have shown that a
significant number of lumbar motoneurons is lost in 1-year-old
Smn*/~ mice, thus resembling the SMA type III phenotype in
humans (12). As these mice exhibit both reduced levels of Smn
and Gemin?2 proteins, the question remained whether the loss of
motoneurons is attributable to a reduction of either Smn or
Gemin2, or both. To address this issue, we compared facial and
lumbar spinal motoneuron loss in wild-type, Gemin2*/~, and
Smn*/~ mice and in mice double heterozygous deficient for Smn
and Gemin2.

The number of lumbar and facial motoneurons is not reduced
in 7-month-old Gemin2 heterozygous deficient mice (Fig. 2c¢).
This finding fits well with our observation that neither Smn nor
Gemin?2 levels were altered in these cells on inactivation of one
Gemin?2 allele (see above). To obtain mice with reduced levels
of Gemin2 in motoneurons, Smn and Gemin2 heterozygous
deficient mice were crossbred. As expected, double homozygous
deficient mice were embryonic lethal (data not shown). How-
ever, 5-month-old Gemin2 and Smn double heterozygous defi-
cient mice were viable. As determined by Western blotting, these
mice showed a 75% reduction of Gemin2 and a 50% reduction
of Smn protein levels in spinal cord compared with wild-type and
Gemin2*/~ animals. Importantly, the observed Gemin2 protein
level in double heterozygous deficient mice was significantly
lower than in Smn™/~ mice, which showed only a 50% reduction

10128 | www.pnas.org/cgi/doi/10.1073/pnas.152318699

a

o o o o
oy a*‘“ f‘fffffff
Gemin2 - H -32kD
Smn- - -38 kD

ACHN « ———— e =g - 42 kD
& B
& vf&&i} et & ecp‘
&

m Gemin2
b 1 Smn
100 - . - - =

o = e

w

¥

g 75+

2

g . .

E a0+

E

£

[
1“‘ ..\ ..\‘ & ,\ ," '.\— v e

\i‘

AP SR S S Q&N
heart kidney lung brain  spinal cord

c Facial nucleus Lumbar spinal cord (L1-L6)

2500 4
2000
1500

Motoneuron counts +/- SD
Motoneuron counts +/- SD

500 4

Gemin2+/- Gemin2++

Gemin2+/+

Fig. 2. Quantification of Gemin2 and Smn protein levels in tissues of
7-month-old heterozygous and wild-type Gemin2 mice. (a) Gemin2 protein
was detected by Western blotting using a Gemin2-specific antiserum (Top).
The signal for Gemin2 was reduced in heart, lung, kidney, and brain of
Gemin2*/~ mice. In contrast, Gemin2 protein levels were unchanged in spinal
cord of Gemin2*/~ mice. Western blotting of the same extract with monoclo-
nal anti-Smn antibody (Midd/e) revealed similar signal intensities in tissues of
wild-type and Gemin2*/~ mice. (Bottom) Reprobing of the Western blot with
a monoclonal anti-actin antibody as a control for equal loading of the gel. (b)
Gemin2 and Smn protein content in various tissues of 7-month-old wild-type
and Gemin2*/~ mice was determined by scanning and quantification of the
intensity of the Gemin2 and Smn immunoreactive bands from Western blots.
Gemin2*'~ mice showed similar Gemin2 protein levels in spinal cord tissue.
Signal intensities for Gemin2 in heart, kidney, lung, and brain of Gemin2+/~
mice (gray bars) were significantly reduced of about 50% (*). Smn signal
intensity in each tissue was similar in Gemin2*/~ and wild-type mice (white
bars). (c) Quantification of motoneurons in the facial nucleus (Left) and in the
spinal cord (Right) of heterozygous deficient and wild-type Gemin2 mice.
Motoneuron counts in the facial nucleus and in the spinal cord of heterozy-
gous deficient and wild-type Gemin2 mice revealed no differences.

(Fig. 3). Strikingly, as shown in Fig. 4, the number of lumbar
motoneurons in 5-month-old double heterozygous deficient
mice was significantly decreased by 34% in comparison to a
reduction by 9% in Smn ™'~ mice (Fig. 4a Right). In contrast, the
population of facial motoneurons, which is less affected in
patients with SMA, showed only a marginally enhanced degen-
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Fig.3. Quantification of the Gemin2 and Smn protein levels in spinal cord of
5-month-old Gemin2 and Smn heterozygous deficient mice. Gemin2 and Smn
protein levels in spinal cord of wild-type, Smn*/~, Smn*/~/Gemin2*'~, and
Gemin2*/~ mice were compared by quantification of the intensities of Gemin2
and Smn immunoreactive bands from Western blots using a Gemin2-specific
antiserum and a monoclonal anti-Smn antibody. Similar protein expression of
Gemin2 and Smn was observed in spinal cord tissue of wild-type and Ge-
min2*/~ mice. Only 50% of Smn (*, white bar) and Gemin2 (*, gray bar) protein
was expressed in spinal cord of Smn*/~ mice. Immunodetection of Gemin2 in
spinal cord of Smn*/~/Gemin2*/~ mice showed a stronger reduction (—75%)
compared with Smn (—50%) (P < 0.05).

eration that did not reach the level of statistical significance (Fig.
4a Left). As motoneurons of Gemin2™/'~/Smn*/~ mice differ
only in their level of Gemin2 in comparison to Smn*/~ mice, the
enhanced motoneuron degeneration in spinal cord can only be
attributable to the reduction of Gemin2 protein expression.
Thus, these results indicate that reduced Gemin2 protein levels
enhance lumbar spinal motoneuron degeneration.

Impaired Nuclear Accumulation of Sm Proteins in Gemin2- and Smn-
Deficient Spinal Motoneurons. Several lines of evidence suggested
that Smn and Gemin2 play an essential role in the assembly of
spliceosomal U snRNPs in the cytoplasm. However, it is not
known so far whether the U snRNP assembly is defective in
motoneurons of SMA patients or in mouse models of SMA. We
therefore investigated spliceosomal U snRNP assembly in mo-
toneurons of Smn*/~/Gemin2*/~ mice. It appeared particularly
interesting to test whether U snRNP assembly is disturbed at a
time period when motoneuron degeneration occurs in the Smn
and Gemin2 double heterozygous deficient mice (i.e., the fifth
month).

As the low number of motoneurons in the spinal cord pre-
cluded isolation and biochemical analysis, U snRNP assembly
was assessed indirectly via semiquantitative analysis of nuclear
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Fig. 4. Quantitative analysis of facial and lumbar spinal motoneurons of
5-month-old Gemin2*/~, Smn*/~, Gemin2*/~ /Smn*/~, and wild-type mice. (a)
Counting of facial motoneurons in 5-month-old Smn*/=, Gemin2*/-,
Smn*'~/Gemin2*'~, and wild-type littermates revealed no differences (Left).
In contrast, the number of lumbar spinal motoneurons in Smn*/~/Gemin2*+/~
mice (*) was significantly reduced (—34%) in comparison to wild-type, Ge-
min2%/=, and Smn*/~ mice (P < 0.05; Right). (b) Niss| staining of lumbar spinal
motoneurons in Gemin2*/=, Smn*/~, Smn*/~ /Gemin2*/~, and wild-type mice.

Sm proteins in situ. Frozen spinal cord sections of 5-month-old
wild-type, Gemin2™/~, Smn™'~ and double heterozygous defi-
cient mice were stained with the anti-Sm monoclonal antibody
Y12. As shown in Fig. 5a Upper, Sm proteins are highly con-
centrated in the nucleus of motoneurons in wild-type and
Gemin2*/~ mice, both of which show normal levels of Smn and
Gemin2. In contrast, Sm protein levels in the nucleus of Smn*/~
mice were significantly reduced by 39%. Strikingly, the loss of Sm
proteins was further enhanced to 61% in double heterozygous
deficient mice (Fig. 5a Lower). Of note, only the total amount of
Sm proteins were altered in the nucleus of spinal motoneurons
of these mice but not the subnuclear distribution (Fig. 5a). The
impaired nuclear accumulation of Sm proteins may be caused by
the down-regulation of these proteins in response to impaired
expression of Gemin2 and Smn. Alternatively, production of Sm
proteins may be normal, but because of a failure to assemble into
U snRNPs, these proteins are retained in cytoplasmatic storage
pools, and hence cannot be detected by immunofluorescence. To
distinguish between both possibilities, we analyzed the spinal
cord in targeted and normal mice by Western blotting. As shown
in Fig. 5b, spinal cord of either genotype showed similar amounts
of SmD3 protein. Together, these data support the hypothesis

PNAS | July 23,2002 | vol.99 | no.15 | 10129

NEUROBIOLOGY



Smn +/+
Gemin2 +/-

Smn +/+
Gemin2 +/+

Smn +/-
Gemin2 +/-

Smn +/-
Gemin2 +/+

a »

. 100

1

F

g 75 p<0.05

-3 *

=

2 x

g 5

E T

-

& B

(7]
- Smn+/+ Smn+/+ Smn+/- Smn+/-

Gemin2+/+ Gemin2+/- Gemin2+/+ Gemin2+/-

Smn+/+  Smn+/+ Smn+/- Smn+/-

Gemin2+/+ Gemin2+/- Gemin2+/+ Gemin2+/-

. c——— - ST D3
hm - Actin

Fig.5. Smproteinimmunoreactivity in the nucleus of spinal motoneurons of
5-month-old Gemin2*/~, Smn*/~, Gemin2*/~ /Smn*/~, and wild-type mice. (a)
The monoclonal anti-Sm protein antibody Y12 was used for immunohisto-
chemical analysis of the Sm protein distribution in the nucleus of spinal
motoneurons of 5-month-old Gemin2+/~, Smn*/~, Gemin2*'~ /Smn*/~, and
wild-type mice. A significant reduction of Sm proteins in the nucleus of spinal
motoneurons was detectable in Smn/Gemin2 double heterozygous deficient
mice (*) in comparison to wild type, Gemin2*/~, and Smn*/~ motoneurons.
Distribution of the Sm proteins within the cell body of each genotype was not
altered. (Lower) The semiquantitative analysis of Sm protein levels in spinal
motoneuron nuclei. Reduced Sm protein signal intensity was measured in
spinal motoneurons of Smn*/~ (—39%, *) and even more (P < 0.05) in
Smn*/~/Gemin2*/~ mice in comparison to wild-type and Gemin2*/~ mice. (b)
Similar signal intensities for SmD3 proteins in spinal cord of wild-type, Ge-
min2*/=, Smn*/~, and Smn/Gemin2 double heterozygous-deficient mice were
observed. The anti-actin antibody was used as a control showing equal protein
concentration in each lane.
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that U snRNP assembly is reduced in lumbar spinal motoneurons
of mice with reduced levels of Smn and Gemin2.

Discussion

Although genetic studies with patients and mouse models have
provided clear evidence that mutations in the SMN1 gene are the
primary cause of SMA, only very little is known about the
molecular events that lead to motoneuron degeneration. Here
we have applied a genetic approach to analyze cell death of spinal
motoneurons in correlation with the cellular level of the Smn
complex and the U snRNP assembly. Our data indicate that
reduced expression of components of the Smn complex and
subsequent impaired (or disturbed) U snRNP biogenesis go in
parallel with motoneuron cell death.

Biochemical studies indicated an essential role for Gemin2 in
the assembly of spliceosomal U snRNPs (26). As this function is
relevant for most cells of an organism, targeting of the Gemin2
gene was expected to cause a severe phenotype in mice. Con-
sistently, we observed that Gemin2-deficient mice die early
during development. However, in contrast to Smn-deficient
mice, which do not enter the blastocyst stage (8), Gemin2~/~
mice exhibit a slightly milder phenotype and thus die later during
embryonic development. This delay might be caused by higher
stability of the maternal Gemin2 protein (possibly by binding to
Smn) and hence to a longer persistence in the developing
embryo.

In contrast to Smn™/~ mice, which develop motoneuron
degeneration at an age of 6 to 7 months, Gemin2*/~ mice appear
normal and do not show any signs of motoneuron loss. Inter-
estingly, the analysis of protein levels revealed that despite of the
lack of one Gemin2 allele, Gemin?2 protein is present at wild-type
level in spinal cord. In contrast, other tissues exhibit the expected
50% reduction of Gemin2 protein levels. The lack of any disease
symptoms correlates with normal levels of Gemin2 and Smn
protein in the spinal cord of Gemin2*/~ mice. These data suggest
that the Gemin?2 protein levels are specifically regulated in spinal
cord. The mechanism that underlies this phenomenon is unclear
but may involve the stabilization of Gemin2 protein.

By crossbreeding Smn™'~ and Gemin2™/~ mice, we obtained
Smn*/~/Gemin2*/~ double heterozygous animals. These mice
express approximately 50% of normal Smn protein but, unex-
pectedly, only 25% of the amount of Gemin2 found in wild-type
animals, and develop a stronger motoneuron degeneration in
comparison to Smn*/~ mice. Indeed, at 5 months of age, when
motoneuron degeneration in Smn*/~ mice has just started,
already 34% of the lumbar motoneurons were lost in Smn and
Gemin2 double heterozygous deficient mice. This finding shows
that motoneuron cell death cannot only be induced by impaired
expression of Smn (12, 13) but also by reduced levels of Gemin?2.
In fact, based on these data, it is tempting to speculate that any
condition that leads to the impaired production of the Smn
complex (for example mutations in other components of the
complex) likewise causes this phenotype.

A wealth of data points to a role of the Smn complex in the
cytoplasmic assembly of spliceosomal U snRNPs (21, 24, 26, 27).
To investigate whether motoneuron degeneration can artificially
be induced by the reduction of functional Smn complex, we have
examined mice that are heterozygous deficient for Smn or
double heterozygous deficient for Smn and Gemin2. As the
capacity to assemble U snRNPs cannot be assessed directly (i.e.,
by biochemical means), we have determined the intracellular
localization of Sm proteins in motoneurons at an age of 5 months
when degeneration is prominent in Smn™'~/Gemin2*/~ mice.
Indeed, Sm protein levels in the nucleus of motoneurons are
reduced by 39% in Smn*/~ mice in comparison to matched
wild-type control mice and Gemin2 heterozygous deficient mice,
which show normal Smn and Gemin?2 levels. Importantly, mo-
toneurons of double heterozygous deficient mice show an even
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stronger reduction of nuclear Sm proteins (on average —61%) at
an age of 5 months. Based on these results, we favor the idea that
the observed reduction of the nuclear Sm protein pool is
primarily caused by a defect in U snRNP assembly. However, we
cannot rigorously exclude the possibility that also other events,
such as impaired regeneration of U snRNPs or enhanced
degradation of U snRNAs contribute to the loss of Sm proteins
from the nuclear compartment. In vivo studies that directly
monitor the assembly of U snRNPs in Gemin2/Smn heterozy-
gous cells are necessary to further address this question.

In conclusion, our data reveal a correlation between the
capacity of the cell to assemble, regenerate and/or maintain
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spliceosomal U snRNPs, and motoneuron degeneration in a
Gemin2 and Smn double heterozygous deficient mouse model.
Our data further suggest that a similar biochemical defect occurs
in SMA patients and contributes to motoneuron loss. Thus,
strategies that lead to enhanced efficacy of the cell to assemble
snRNP complexes might be a target to develop therapies for
patients with SMA.
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