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Spinal muscular atrophy (SMA) is a recessive disorder characterized by loss of motor neurons in the spinal

cord. It is caused by mutations in the telomeric survival motor neuron 1 ( SMN1) gene. Alterations within an
almost identical copy gene, the centromeric survival motor neuron 2 ( SMN2) gene produce no known pheno-
typic effect. The exons of the two genes differ by just two nucleotides, neither of which alters the encoded
amino acids. At the genomic level, only five nucleotides that differentiate the two genes from one another

have been reported. The entire genomic sequence of the two genes has not been determined. Thus, differ-
ences which might explain why ~ SMN1 is the SMA gene are not readily apparent. In this study, we have com-
pletely sequenced and compared genomic clones containing the SMN genes. The two genes show striking
similarity, with the homology being unprecedented between two different yet functional genes. The only crit-

ical difference in an ~32 kb region between the two SMN genes is the C - T base change 6 bp inside exon 7.
This alteration but not other variations in the SMN genes affects the splicing pattern of the genes. The majority

of the transcript from the  SMN1 locus is full length, whereas the majority of the transcript produced by the
SMNZ locus lacks exon 7. We suggest that the exon 7 nucleotide change affects the activity of an exon splice
enhancer. In SMA patients, the loss of SMN1 but the presence of SMNZ2results in low levels of full-length ~ SMN
transcript and therefore low SMN protein levels which causes SMA.

INTRODUCTION All three forms of proximal SMA are due to mutations in the
Itelomeric but not centromeric survival motor neur@M N .

Proximal spinal muscular atrophy (SMA) is an autosoma
recessive neuromuscular disorder characterized by destructiéff"es (3-11). The fqll—length CDNAs c_)f the two genes are
identical except for single nucleotide differences in exons %

of motor neurons in the anterior horn of the spinal cord. SMA d 8 vet their t intional duct t th =
has an estimated incidence of 1 in 10 000 live births, with a Ca@rI:/INl’ yed el rans_crl_r:: lor;athpr? I:J;: S ?r:e B(I)\I,CSl\istam%
rier frequency of ~1 in 50 people (1). Childhood onset SMA is produces a majority of the tull-lengtn c

classified into three groups on the basis of age at onset alpdodyces mostly transcript lacking exon 7 (3). We have shows

clinical course (2); type | SMA (Werdnig-Hoffman disease) iSprewously that promoter differences do not account for the difa

H (2]
the most severe form, with onset before the age of 6 month{?r?m (lje\f[ﬁls of full-;eg_?fth trans%rlpt)t from ttr?e ttWO genes (jlgfz)',i?
and death usually occurring within the first 2 years. Type I nstead, the exon liference between the two genes arfects

SMA is intermediate in severity. Onset occurs at ~18 month%pl'cmg’ causing increased levels of full-length transcript from™

and patients never gain the ability to walk. Type IIl SMA MNias compared witBMN2(13).

(Kugelberg—Welander disease) is the mildest form of the dis: The SMN protein is a 38 !(Da polypeptide .WhiCh. is ubiqui-_
ease with onset after 18 months. Type Il patients are able t usly gxpressed (14,15). Itis found at espec_:lally high levels n
stand and walk e spinal motor neurons. The exact function of the protein

remains unknown. However, recent studies have implicated its
involvement in mRNA biogenesis. Specifically, SMN has been
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Figure 1. Genomic organization of th8MNgenes in the clones P1 3996 and PACs 125D9 and 215P15. Depicted are the exons of the various genes in eaclEclone
including the ESTs in PAC 215P15. The ESTs are: 1, EST having homology to a fetal liver INFLS S1 clone; 2, brain cadherin; 3, EST derived from a @man
parathyroid tumor; and 4, EST having homology to a human gene signature 3'-directed cDNA sequence. The superscripts C andHRBfgethedenote the =
centromeric and telomeric copies, respectively. The two copies MAE gene ardNAIP which has exon 5 anNAIPA lacking exon 5. B represents tBanH|
sites in the clones. The broken arrows denote the direction of transcription 8MheNAIP, H4F5 andBTF2p44genes.
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o
shown to be critical for spliceosomal sSnRNP assembly in the The P1 clone has an insert size of ~83 kb while PAC 215P15
cytoplasm, most likely functioning in the regeneration/contains an insert of ~130 kb. Thus, each clone contains nat
recycling of snRNPs and other splicing factors (16). only its respectivé&MNgene, but also certain neuronal apopto-%

There is accumulating evidence to suggest that SMA isis inhibitory protein (NAIP) exons (17) as well as the XS2G33
caused by mutations iBMN1but notSMN2 because a major- (18) sequence (Fig. 1). P1 3996 contains the entire 2B\ 1
ity of the full-length transcript, and thus SMN protein, derivesgene and extends downstream of it. However, the clone term
from the former locus (3,13). It has now also been shown whypates short of exon 5 of tieAIP gene which distinguishes this
SMNZ1 produces a majority of the full-length transcript (13). COPy of the gene NAIP®) from one lacking it NAIPA).
However, other regions of the two genes have not been exarkPStream ofSMN exon 1 lies the CA dinucleotide marker
ined to determine whether differences elsewhere might alsd91CA/C272 (19) which is contameld within P1 3996. How-
influence splicing and/or expression levels of full-length SMN.€Ver, the P1 insert ends ~250 bp 5' of Ag1CA. PAC 215P13
To address this, we have completely sequenced genom?t,oma'ns the entir8 MN2gene and extends downstream of it

clones containing the tw8MN genes. We show an unusual into intron 13 of theNAIPA gene. Upstream of tteMN2gene, £
degree of similarity between them. Over an ~32 kb region ther

Ebe PAC 215P15 insert extends almost 77 kb and contains th
is >99% homology. All but five differences which have beennewIy identified gengi4FS (20). Thus, there is an overlap of
reported previously turned out to be variants marking neithe

?3.5 kb between thSMNlunit in P_1 39_96 and thSM_NZunitl .
gene in particular. Thus, our study conclusively demonstrat I PAC 215P15. This 53.5 kb region is also contained withi
for the first time that there is only one critical difference

AC 125D9 which previously has been shown to carry th
between the twoSMN genes over their entire genomic

SMN1gene, the entiréAIP® gene and the 3' portion of the
Lo : BTFp44gene (21).

sequence. We suggest tha}t this dn‘ference is part of an exonAnglySgiS by(eX())n trapping and using BLAST and exon pre-

splice _enhancer (ESE) wh|ch.<jeterm|nes VBIYINL but not diction programs identified no additional genes within P18

SMN2is the SMA gene. In adgimon, ourstqdy reports adegrg%gge_ A similar search for genes in PAC 215P15 did reveﬁ

of homology between two different, functional genes that 'ﬁwomology to numerous expressed sequence tags (ESTS), m§st

/

e

&509/2 /L 1L12/8/9F

Hedoq gg]

ne jo W

unprecedented. notably the expressed brain cadherin pseudogene (22). How-
ever, it is unlikely that any of these hits represent intact genes
RESULTS as the ESTs are not split into separate exons in genomic DNA.

Moreover, this region previously has been shown to contai%
Sequence analysis of genomic clones containing ts&N2 ~ numerous pseudogenes (18,22). An exception iSHABS o
and SMN1 genes gene whose 3' end lies 6.5 kb upstream QfﬁheNden(_e in ™
PAC 215P15 (20). Exon 3b of the telomeric copy of this gene
The P1 clone 3996 contains tf8MN1gene while the PAC s also present within PAC 125D9.
clone 215P15 contains the centromeric copy. Each clone wasThe 53.5 kb region of overlap between P1 3996 and PAC
typed with respect to the differences betweenSMNgenesin  215P15 is also contained within PAC 125D9 which has been
exons 7 and 8. To ensure that each clone contained an intagtquenced previously (21). We have used this sequence, as
SMN gene, Southern blots using various restriction enzymegell as the sequence we obtained from P1 3996, and compared
were carried out and compared with similarly digested controit with the insert from PAC 215P15 in order to identify differ-
DNA. The clones were then sequenced as described in Materences which might explain wh MN1but not SMN2is the
als and Methods. SMA gene. Our analysis shows that there is a remarkably high
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Table 1.Nucleotide differences between t8&N1landSMN2genes in the homology (>99%) between the telomeric and centromeric
genomic clones P1 3996, PAC 125D9 and PAC 215P15 regions examined. An alignment of the three clones, using
either BLAST or Clustal, showed that there are 132 differences
Position P13996 PAC 125D9 PAC 215P15 in the overlap region. Of these, 62 are consistent between P1
Promoter 3996 and PAC 125D9 but different in PAC 215P15. It was
_3366 N/A _ G concluded, therefore, that the remaining 70 are polymor-
-2052 N/A c A phisms.
2020 N/A c T Analysis of sequence differences betwe€MN2 and SMN1
-1990 N/A C T
~1805 N/A c G The essential components of t&&Ngene, including the pro- o
1438 N/A A - moter, lie on an ~32 kb fragment whose 5' end is 3.4 ki¥
upstream of the transcriptional start site. Since this fragment i
1421 N/A c ¢ sufficient to mimic expression of the endogenous gene ir§
-1317 N/A c G transgenic mice (unpublished data), differences between the
-1155 N/A G A SMN genes in this region were analyzed extensively. Ag
-893 N/A A G straightforward alignment between the two PAC clones in thes
—769 N/A GAG _ promoter region and all three clones in the remaining 28 kiy
318 NIA aec B revealed 35 differences, excluding differences in pon(A/T)%?
and poly(CA/GT) tracts (Tab[g 1). Except for one difference, &
Intron 1 polymorphic variant between the t'8MN1clones in exon 3, 3
+8451 T T c all other differences were consistent between P1 3996 and
Exon 3 PAC 125D9 but differed in PAC 215P15. To rule out sequené
+17 739 G A G cing errors, all 35 differences were confirmed by amplificationg
Intron 6 from the clones and re-sequencing. The differences were then
analyzed to determine whether they were polymorphisms. &
+21 851 G G T . o @
control population of 15 individuals was used to carry out thiss
+22872 A A G analysis. Five were type | SMA patients completely deleted fos
+23117 G G A SMN{, five were unaffected individuals lackir8MN2 and the &
+23 505 A A G remaining five carried both genes. Each variant identified was
+25 239 T T c analyzed as described in Materials and Methods. If one of the
+25 379 G G A sequence variants marked tB&N21gene then it should be §
+25 381 T T c absent in t_h_e type | SMA individuals and present in the unafso
fected individuals lackingSMN2 The sequence differences %
+25519 G G A found are listed in Tabl@ 1. Of the 35 differences, 12 lie in thez
+25 683 G G A promoter, one in intron 1, one in exon 3, 17 in intron 6, one i
+25 729 c c G exon 7, two in intron 7 and one in exon 8. The majority of thes
+26 156 G G A variants are single nucleotide polymorphisms (SNPs), two arg
+26 236 B B AGGCA 3 bp deletions_ in the centromeric copy and oneab bp deletio%
in the telomeric copy. In our control population, only 11 of the
+26 287 A A c : " g
35 changes were found consistently to disting@8tN1from =
+26 567 G G A SMN2 Five of these have been reported previously (3,6,11)
+26 658 T T c The remaining six all lie in intron 6, in an ~1 kb region 5' of 2
+26 769 c C A exon 7 containing numerous repeat elements. One of these $ix
+27 092 G G A differences is a telomeric-specific 5 bp deletion. To furthe@
Exon 7 assess whether the six non-polymorphic differences influenced
. o, . 3
27 141 c c T disease development, an a_ddmonal 17 type | SMA patients
were screened. The nucleotide at the variant +26 156 positiopn
Intron 7 (GSMNI/ASMNY) was SMN2derived in 29 alleles anGMNE &
+27 289 A A G derived in six alleles. Variant +26 236 (absence of%
+27 404 A A G AGGCASMNY/presence of AGGCAMN?) wasSMN2derived in §
Exon 8 27 alleles andBMNZEderived in seven alleles. Variant +26 287 ™
+27 869 G G A (ASMNY/CSMN2) \was SMN2derived in 27 alleles anGMNZ%

derived in seven alleles. Variant +26 587SM8YASMNY was
SMN2derived in 29 alleles an8MNZXderived in five alleles.

An ~32 kb region is covered. Except for the difference in exon 3, all of the dif- . MNL/~SMN . .
ferences are consistent between P1 3996 and PAC 125D9 but differ in PA¥ariant +26 658 (? /Cs_ 2) was SMNZde_”VGd in 28
215P15. The positions of the differences are relative to the transcriptional sta@tlleles andSMNZXderived in six alleles. Variant +26 769

site of theSMN2gene in PAC 215P15. Only the last five differences are genu-(CSMNYASMN2) \was SMN2derived in 24 alleles an&MNZ1
ine differences between the tw®MN genes. Note that P1 3996 could not be erived in eight alleles. Variant +26 236 was analyzed in seven
used to compare differences in the 5' upstream region as it ends ~250 bp 5' of tgne . S

additional unaffected individuals who lacked tBMN2gene,
marker Ag1CA. . e .

and in all cases these individuals had only the telomeric form
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Figure 2. SMNminigenes and their transcriptional products) Diagrammatic representation of tB&N2 SMN21and chimeric minigenes used to assay the effec
of the exon 7 nucleotide change and six of the intron 6 differences on splicing. Open boxes SeiNt@hile filled boxes denot&MN2sequence. Relative
locations of the exon and intron differences are depicted by crosses. The letters P and B refBntt #mel Bcll sites in intron 6, respectively, used to make the
chimeric minigenes. The letters C and T in exon 7 refer to the nucleotides cytosine and thymine, respeg}iRagu(ts of the RT-PCR assay following trans-
fection of the minigenes shown in (A). In every case, presence/absence of exon 7 in the transcript ultimately depends on the nucleotide diienehdeimes
are numbered according to which minigene construct depicted in (A) was used for the transfection. Lane 9 is a mock transfection using no DNAh&hed.0 is
bp ladder (Gibco BRL).

asn

of the gene. In addition, analysis of SMA type Il and Il shown that one of the differences between$iNgenes, the
patients showed that none of these changes could be correlateéd. T base change in exon 7, does indeed affect splicing; how=
to phenotypic severity of SMA. Taken together, these resultgver, the six noveSMNdifferences in intron 6 were not taken
demonstrate that the telomeric variants could occur in thénto account. To determine whether the newly described differ®
SMN2gene and that the telomeric or centromeric version oknces affected SMN exon 7 RNA splicing, a seriesSMN
these changes are not sufficient to critically affect 8N  hybrid minigenes were constructed and assessed for their

TE}O Jjusweds

onsn

2sn

gene. effects upon exon 7 splicing. Exon 7 splicing could be enviss;
. o o aged to be influenced by any of the six variants, based upgh
Construction of SMN minigenes and splicing assays their proximity to exon 7SMN1and SMN2minigenes were €

]
Previous studies have demonstrated chim8NtNgenes with constructed (see Materials and Methods) and derivatives (iof
SMN2 exon 7 fused toSMN1 exon 8 in SMA patients these constructs were then made by introducing th&MN2 3
(6,11,23). These chimeric genes that h&#éN2derived exon differences lying on #mi—Bcll fragment into arSMN1back-

7 sequences are SMA alleles. This argues strongly that diffeground or vice versa. Finally, these derivatives were mutated
ences between tH8MNgenes that result in SMA alleles lie in by site-directed mutagenesis converting the exon 7 difference
or upstream of exon 7. Furthermore, these differences mo§om the centromeric thymine to the telomeric cytosine and
likely affect promoter activity or splicing, as it has been shownvice versa (Fig. 2A). Transfection of these constructs into cul-
that the majority of the full-lengt®&MNtranscript derives from tured cells followed by RT-PCR clearly showed that the six
SMNZ1(3). In a previous study, we ruled out promoter differ- intron 6 differences did not affect splicing. Indeed, none of the
ences as a likely explanation f@MNL1 being the disease- nucleotide differences betweedMN2 and SMN1 that flank
determining gene. On the other hand, Lorstral. (13) have exon 7 affects its splicing. It is the presence of either a thymine
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or a cytosine in exon 7 that determines the efficiency withbetween thesMNgenes that we have presented here is there-

which exon 7 is retained in the final transcript (Fig. 2B). fore unprecedented. To our knowledge, it is the first example
of two almost identical yet distinct, functional genes only one
of which determines a disease phenotype. Our study opens up

DISCUSSION the exciting prospect of convertirgMN2to SMN1by target-

Although the cDNAs of theSMN genes differ by just two ing the exon 7 nucleotide in a manner similar to that involving
translationally silent nucleotides, onlgMN1 causes SMA. the correction of the mutation responsible for sickle cell ane-
Thus, the exact reason(s) wBpMN1but notSMN2is the dis-  mia (34). It also suggests a strategy for creating a mouse model
ease gene have not been determined. Loetaal. (13) have 0of SMA by introducing the humai$MN2gene onto a null
demonstrated recently that the exon 7 nucleotide differenceSmn/Smi) background.
between theSMN genes affects exon 7 splicing. They also
showed that a single base chgnge in intron_? predicte_d to di;ﬁﬂATERIALS AND METHODS
rupt the consensus exon 7 splice donor motif resulted in levels
of full-length transcript similar to those frorBMN2 This,
together with earlier studies using semi-quantitative PCR t
analyze levels of full-length transcript from the two genes,P1 clone 3996 and PAC 215P15 have previously been ShOV\ﬁ’]
clearly indicates an important reason w8¥NZ1is the SMA  to contain theSMN1and SMN2genes, respectively. Large- &
gene. However, other potential sequence differences in thscale preparation of the clones was carried out using the alké-
remaining ~32 kb which might affect splicing/levels of full- line lysis method followed by banding on a CsCl gradient withg
length SMN were not examined. minor modifications; twice the recommended volume of solu
Our study has addressed the above point and presentstians I, Il and Il were used. Sequencing was carried out at the.
detailed comparison of the tw8MNgenes along their entire  Washington University Genome Sequencing Center. Isolated
genomic sequence. We show that the critical difference in th®NA was sheared by sonication, sized on a 1% agarose gel agd
32 kb region examined is indeed the single base change in exdragments in the 1.5 kb range cloned into dephosphorylateﬁ
7 which in theSMN1gene enhances inclusion of exon 7 intoM13mp8 and pUC18 vectors. Sequencmg was performed bg
the transcript. Exon 7 has been shown to affect SMN oligometthe cycle sequencing method using Thermosequenase (Amer-
ization and the ability of SMN to perform its function in sham, Piscataway, NJ) and energy transfer dye-labeled primets
splicing (24). (four color; Applied Biosystems, Foster City, CA). Sequencex
Single nucleotide changes within exons have previouslproducts were separated on an ABI 377 sequencer and CO““EIS
been shown to alter splicing (25,26). Indeed, alterations okssembled using the base calling (PHRED) and assembg/
sequences known as ESEs have been implicated in a wide vafPHRAP) software programs.
ety of human diseases (27 and references therein). We suggest
that the nucleotide difference in exon 7 between the8MN  Database screening and sequence alignments
genes constitutes part of an exon splice enhancer. Substltunq:p]e inserts from P1 3996 and PAC 215P15 were filtered f01<
of the telomeric cytosine with the centromeric thymine reduce%loe“we sequence using RepeatMasker
the activity of the enhancer, resulting in the majority of tran- (http://genome.washington.edu/UWGC/analysistools/repeat-
script lacking exon 7. In this regard, it is worth noting that in pl'( f?t | d th gton. & y dt P tg
the mousesmngene which produces only the full-length tran- mgISBI.EénT ()j inb N Let[nf':;;nmg se%l_Jerllce phse /%f,grse-?/n ge
script (28), the sequence at the putative ESE exactly match S sitive ESTiZ\jv:rseerrEa p-emvtvc;r;ﬁelgln;rr:cli I'Dg:é clones ué.i 3
that of humarSMN21over a 15 bp stretch. It would be interest- the DNAStar software prpo ram (DNAStar, Madison, WI). Inl?
ing to determine the effect on spllcmg of site-directed mUtaaddltlon SequUences fr(F))m gboth clones were analvzed for th&e
genesis that converts the cytosine in mo@snexon 7 to fq tati d GRAI)I/_ 13,G
thymine. SMA patients who have only tf&IN2gene (thy- pr%sarllzc;ngu l? |¥e %er;]es an eﬁogls usmﬁ] Bavior Coll en}e
mine in the exon 7 ESE) produce only low levels offull—lengthaPM all ofwhich are available at the Baylor o egec
: . : edicine server (http://dot.imgen.bcm.tmc.edu:9331/gene?
transcript, with the amount of full-length transcript dependen inder/gf.ntml ). PAC 125D9 has been sequenced previouslys
on the number of intacSMN2 genes (7,29,30). It has beendA detailed comparison between its insert and those of P1 3996

shown that there is a correlation of SMN protein levels an
N . . and PAC 215P15 was carried out using BLAST and th(-‘g>
SMA phenotype, with type | SMA patients showing low SMNdDNAStar alignment program.

levels in particular in spinal motor neurons (14,15). This woul
indicate that the decreased levels of full-len§MMNtranscript
result in low levels of SMN protein, which causes SMA.

This study has also revealed surprisingly high homologyGenomic DNA was amplified using primers flanking the vari-
between the tw&MNgenes. Previous studies of unusual sim-ants (all primers are available on request). The genomic DNA
ilarity between different genes include those on the genes fawas derived from five type | SMA patients lacki®@VIN1land
21-hydroxylase CYP21and CYP21(31); polycystic kidney with two copies ofSMN2 five unaffected individuals lacking
diseasePKD1and its homolog (32); and Gaucher’s disefise, the SMN2 gene and five individuals with botSMN2 and
glucocerebrosidase and its homolog (33). However, in each &@MN1 The amplified product was then analyzed for the pres-
these instances, the copy gene is a pseudogene that either lackge or absence of the variant by single strand conformation
exons or intronic segments or contains numerous nonsenpelymorphism, direct sequencing of the PCR product or selec-
mutations and is therefore non-functional. The similaritytive base-specific enzyme digestion.

04} papeojumoq

g)NA sequencing

q /8G609/L

220z ¥snb

Polymorphism screen
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SMN minigenes

SMNminigenes were created using the Expand High Fidelity.
PCR System (Boehringer Mannheim, Indianapolis, IN). A
250 ng aliquot of human genomic DNA was amplified using
the primers Ex6FX (5'-CGATCTCGAGATAATTCCCCCA-
CCACCTC-3") and Ex8RS (5'-GCTACCCGGGCACATAC-
GCCTCACATACA-3"). Products were digested witihd and
Smad and cloned directionally into the appropriate sites of the
vector pCl (Promega, Madison, WI). The clones were then
sequenced to identify which of these were telomeric and which
were centromeric. Single nucleotide conversions were intro-
duced by oligonucleotide site-directed mutagenesis using
Thermo Pol Vent polymerase (New England Biolabs, Beverlyy.
MA): pPSMN1/pSMN2AEX7 (5'-GATTTTGTCTG/AAAACCC-
TGTAAG-3; 5-CTTACAGGGTTTC/TAGACAAAATC-3).

5.

Identical primer sets were used to generate the nucleotide sup-

stitutions except for appropriatS8MNX or SMNZ2derived
nucleotides as indicated in bold. Constructs containing intron 6
hybrids were created by cloning timl—Bcll intron 6 frag-
ment of SMN1 or SMN2into the background oBMN2or
SMN] respectively, as indicated (Fig. 2A).

Transfections and RT-PCR

The SMNminigenesSMN1 SMN2and their derivatives were
transfected into C33a cells using Lipofectamine (Gibco BRL,
Bethesda, MD) and g of DNA according to the manufac-
turer's recommendations. Total cellular RNA was then iso-
lated over a CsCl gradient 48 h post-transfection. Audl
aliquot of total RNA was used to generate first strand cDNA
using oligo(dT) and Super Script Il reverse transcriptase2.
(Gibco BRL). Plasmid-derived cDNAs were amplified using
the primer set pCIFwd (5'-GCTAACGCAGTCAGTGCTTC-3";

pCIRev (5-GTATCTTATCATGTCTGCTCG-3). Amplifica- =

tion was carried out in 5Qul with 20 pmol of each primer,
200uM dNTP and 1 U of Thermo Pol Vent polymerase (New 14,
England Biolabs). Cycling conditions were as follows: initial
denaturation at 94 for 2 min, followed by 30 cycles of 9€
for 30 s, 56C for 1.5 min, 72C for 1 min and a final extension
of 72°C for 10 min. Reaction products were resolved by elec-
trophoresis in a 1.9% agarose gel and visualized by ethidium

bromide staining. Products were cloned and sequenced sepa-

rately.

17.
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