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Purification, crystallization and preliminary X-ray
crystallographic analysis of human IL-18 and its

extracellular complexes

Interleukin-18 (IL-18), a pro-inflammatory cytokine belonging to the inter-
leukin-1 (IL-1) family, is involved in the pathogenesis of autoimmune/
autoinflammatory and allergic diseases such as juvenile idiopathic arthritis
and bronchial asthma. IL-18 forms a signalling complex with the IL-18 receptor
o (IL-18Rw) and B (IL-18RB) chains; however, the detailed activation
mechanism remains unclear. Here, the IL-18-IL-18Ro binary and IL-18-
IL-18Ra—IL-18RgS ternary complexes were purified and crystallized as well as
IL-18 alone. An X-ray diffraction data set for IL-18 was collected to 2.33 A
resolution from a crystal belonging to space group P2,, with unit-cell parameters
a=068.15,b=7951,c="7346 A, B =100.97°. Crystals of both the IL-18 binary
and ternary complexes belonging to the orthorhombic space groups P2,2;2 and
P2,2,24, respectively, diffracted to 3.10 A resolution. Unit-cell parameters were
determined as a = 135.49, b = 174.81, ¢ = 183.40 A for the binary complex and
a = 17256, b =111.56, c = 134.57 A for the ternary complex.

1. Introduction

IL-18 is a pro-inflammatory cytokine that was first identified as an
interferon-y (IFN-y)-inducing factor in the sera of endotoxin-
injected mice (Okamura et al., 1995). IL-18 not only plays an
important role in host defence against microorganisms, but also
contributes to the pathogenesis of autoimmune/autoinflammatory
and allergic diseases (Nakanishi et al., 2010) such as juvenile idio-
pathic arthritis (Lotito ez al., 2007), familial Mediterranean fever
(Simsek et al, 2007), cryopyrin-associated periodic syndrome
(Ohnishi ez al., 2012), bronchial asthma (Tanaka er al, 2001) and
atopic dermatitis (Ohnishi et al., 2003). TL-18 is expressed by various
cell types including macrophages, keratinocytes and osteoblasts
(Lorey et al, 2004) and belongs to the IL-1 superfamily, sharing
structural and functional properties with IL-18. IL-18 also shares the
same signalling cascade with IL-18. The inflammatory cytokines or
stimulants for Toll-like receptors activate intracellular NOD-like
receptors such as NLRP3. Activated NLRP3 recruits adaptor protein
ASC and caspase-1 precursor (pro-caspase-1); collectively, these
proteins form a complex referred to as the inflammasome (Sriniva-
sula et al, 2002). Formation of the inflammasome leads to auto-
catalytic cleavage of pro-caspase-1, and activated caspase-1
subsequently maturates the IL-18 precursor, which is then secreted
outside the cell. To initiate IL-18 intracellular signalling, mature
IL-18 is required for the assembly of IL-18Ro and IL-18Rp. First
1L-18 binds to IL-18Re at the plasma membrane, and then IL-18RS
binds to the IL-18-IL-18Ra heterodimeric complex (Kato et al.,
2003). Assembly of the extracellular region juxtaposes the intra-
cellular Toll-IL-1 receptor (TIR) domains of IL-18R« and IL-18Rp,
which recruit the adapter molecule MyD88 and sequentially activate
IRAKSs, TRAF6 and finally NF-«B (O’Neill & Greene, 1998). This
signalling cascade then up-regulates the expression of inflammatory
cytokines such as IFN-y. Increased serum levels of IL-18 are
frequently correlated with the severity of the autoimmune and
autoinflammatory diseases described above. Because of its critical
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Table 1

Macromolecule-production information.

Amino acids shown in bold were removed after protease cleavage.

Gene

IL-18

IL-18Re

IL-1SRB

Source organism
DNA source
Forward primer

Reverse primer
Cloning vector
Expression vector
Expression host

Complete amino-acid sequence MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGD~ HHHHHHHHLEVLFQGPSCTSRPHITVVEGEPFYLKHCSC-

of the construct produced

Homo sapiens
Blood
GGATCCATCGAAGGTCGTTACTTTGGCAAGCTTGAATC

GAATTCGCTAGTCTTCGTTTTGAACAGTGAAC
pGEM-T vector

pGEX-4T1

E. coli BL21(DE3)

KWRNKKFELGLEFPNLPYYIDGDVKLTQSMATIRYI-
ADKHNMLGGCPKERAEISMLEGAVLDIRYGVSRIAY-
SKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLNGDH-
VTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRI-
EATPQIDKYLKSSKYIAWPLQGWQATFGGGDHPPKS—
DLVPRGSIEGRYFGKLESKLSVIRNLNDQVLFIDQG-
YFGKLESKLSVIRNLNDQVLFIDQGNRPLFEDMTDS-
DCRDNAPRTIFIISMYKDSQPRGMAVTISVKCEKIS-

Homeo sapiens
Blood

GAATTCATGCCCATGTTAAGCGCTATTGTTTTATATGTG-

CTTTTGGCGGCGGCGGCGCATTCTGCCTTTGCGGAA-
TCTTGTACTTCACGTCCCC
GCGGCCGCCTATCTTGTGAAGACGTGGCC
pGEM-T vector
pFastBacl
Sf9 insect cells

GPSCTSRPHITVVEGEPFYLKHCSCSLAHEIETTTK-
SWYKSSGSQEHVELNPRSSSRIALHDCVLEFWPVEL-
NDTGSYFFQMKNYTQKWKLNVIRRNKHSCFTERQVT-
SKIVEVKKFFQITCENSYYQTLVNSTSLYKNCKKLL~
LENNKNPTIKKNAEFEDQGYYSCVHFLHHNGKLFNI-
TKTFNITIVEDRSNIVPVLLGPKLNHVAVELGKNVR~
LNCSALLNEEDVIYWMFGEENGSDPNIHEEKEMRIM-
TPEGKWHASKVLRIENIGESNLNVLYNCTVASTGGT-
DTKSFILVRKAD

Homo sapiens

Blood

GAATTCATGCCCATGTTAAGCGCTATTGTTTTATATGTG-
CTTTTGGCGGCGGCGGCGCATTCTGCCTTTGCGGAG-
CGAATTAAAGGATTTAATATTTCAGGTTG

GCGGCCGCTCATCTCTTTTCTTTCAGTTGGACGGAC

pGEM-T vector

pFastBacl

Sf9 insect cells

HHHHHHHHLEVLFQGPFNISGCSTKKLLWTYSTRSEEEF -
GPFNISGCSTKKLLWTYSTRSEEEFVLFCDLPEPQK-
SHFCHRNRLSPKQVPEHLPFMGSNDLSDVQWYQQPS-
NGDPLEDIRKSYPHIIQDKCTLHFLTPGVNNSGSYI-
CRPKMIKSPYDVACCVKMILEVKPQTNASCEYSASH-
KQDLLLGSTGSISCPSLSCQSDAQSPAVTWYKNGKL-
LSVERSNRIVVDEVYDYHQGTYVCDYTQSDTVSSWT-
VRAVVQVRTIVGDTKLKPDILDPVEDTLEVELGKPL-
TISCKARFGFERVFNPVIKWYIKDSDLEWEVSVPEA-
KSIKSTLKDEITERNIILEKVTQRDLRRKFVCFVQN—

TLSCENKIISFKEMNPPDNIKDTKSDIIFFQRSVPG-
HDNKMQFESSSYEGYFLACEKERDLFKLILKKEDEL-
GDRSIMFTVQNED

SIGNTTQSVQLKEKR

role in mediating inflammatory immune responses in vivo, IL-18 is
normally regulated via the naturally occurring IL-18-binding protein
(IL-18BP). IL-18BP specifically binds to IL-18 with high affinity, with
a dissociation constant of 0.4 nM, and prevents IL-18 recognition of
IL-18Rw (Dinarello et al, 2013), which is functionally analogous to
inhibition of IL-18 signalling by the IL-18 decoy receptor (IL-1RII).
Indeed, the potent ability of IL-18 to mediate severe chronic disease
has attracted a great deal of interest in the development of new
therapeutic reagents that target the IL-18 signalling pathway.
However, the structural basis of the IL-18 signalling complex, which
can dramatically promote the rational design of IL-18 inhibitory
drugs, remains unclear. To this end, we purified and crystallized
the IL-18-IL-18Ra binary and IL-18-IL-18Ra~IL-18Rf ternary
complexes as well as the IL-18 monomer; here, we report the preli-
minary X-ray analysis of each protein.

2. Materials and methods

2.1. Cloning, expression and purification of IL-18, IL-18Ra and
IL-18Rf

IL-18 was overproduced with minor modification of the induction
conditions and purified as described previously (Li et al, 2003).
Briefly, mature human IL-18 (residues 1-157) fused with a factor Xa
recognition site at the N-terminus was cloned into the pGEX 4T-1
vector (GE Healthcare, Little Chalfont, England). IL-18 was
expressed as a glutathione S-transferase (GST) fusion protein in
Escherichia coli strain BL21(DE3) with 0.05 mM isopropy! B-p-1-
thiogalactopyranoside. After GST affinity chromatography and
removal of the GST tag by digestion with factor Xa, IL-18 was
purified by gel-filtration column chromatography. The extracellular
domains of human IL-18Ra (NM_003855, residues 20-329) or IL-
18RB (NM_003853, residues 15-356) were each cloned separately
into the pFastBacl baculovirus transfer vector (Invitrogen, Carlsbad,
California, USA) with an N-terminal signal peptide sequence for Sf9
insect cells, an 8 x His tag and a human rhinovirus (HRV) 3C protease
cleavage site. Firstly, the coding sequence of each extracellular
domain was amplified by PCR with primers containing the signal
peptide sequence (Table 1) and then ligated into the pFastBacl
vector between EcoRI and Nofl restriction sites. Secondly, a DNA

oligo (48 bp) encoding an 8xHis tag and an HRV 3C cleavage site
was phosphorylated by T4 kinase (Toyobo, Osaka, Japan) and
inserted into the linearized transfer vectors, which were prepared by
PCR, using the blunt-end ligation method. Consequently, an 8xHis
tag cleavable by HRV 3C protease was inserted before the coding
sequences. IL-18Ra and IL-18RfS were expressed using the same
protocol. The modified transfer vector was introduced into E. coli
DH10Bac (Invitrogen) to generate bacmid DNA, which was trans-
fected into Sf9 cells to generate recombinant baculovirus. The
baculovirus was then amplified in two cycles. For IL-18 receptor
production, Sf9 cell cultures at a density of 2 x 10° cells mI™* were
infected with the recombinant baculovirus at a multiplicity of infec-
tion (m.o.i.) of 0.1 plaque-forming units (pfu) per cell. Baculovirus-
infected Sf9 culture media were harvested after 72 h by centrifuga-
tion. The IL-18 receptors were each purified separately using the
same chromatographic steps. The receptor secreted from Sf9 cells was
collected with ion-exchange columns from the culture media, most
impurities were removed using Q Sepharose (GE Healthcare) and
the IL-18 receptor in the flowthrough was captured by SP Sepharose
(GE Healthcare). After an extensive washing step with 50 mM
sodium phosphate buffer pH 6.0 containing 50 mM sodium chloride,
the IL-18 receptor was eluted from an SP Sepharose column with
50 mM sodium phosphate buffer pH 6.0 containing 500 mM sodium
chloride. The pH of the eluate was then adjusted to 7.4 with sodium
hydroxide solution and the 8 xHis-tagged proteins were purified by
Ni-NTA agarose (Qiagen, Venlo, Netherlands) chromatography with
elution buffer containing an linear gradient of imidazole concentra-
tion from 150 to 250 mM. After digestion of the N-terminal 8 x His tag
with HRV 3C protease, the receptor was further purified by size-
exclusion chromatography on an Superdex 75 26/60 column (GE
Healthcare) with 20 mM sodium phosphate buffer pH 7.0 containing
150 mM sodium chloride and 0.1 mM ethylenediaminetetraacetic
acid; the HRV 3C protease was removed in this step.

To obtain the IL-18-1L-18Ra binary and IL-18-IL-18Ra-IL-18R 8
ternary complexes, IL-18, IL-18Re and IL-18Rp were mixed in
equimolar ratios and purified by gel-filtration chromatography on a
Superdex 200 16/60 column with the same buffer as that used in
the previous gel-filtration step. Protein elution was monitored at a
wavelength of 280 nm. Moreover, we assessed the molecular weights
of each protein or protein complex using analytical gel-filtration

20f 6 Kmuraetal - Human IL-18
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Table 2

Crystallization.

Sample IL-18 IL-18-IL-18Ra IL-18-IL-18Ra-1L-18RB
Method Vapour diffusion Vapour diffusion Vapour diffusion

Plate type Hanging drop Hanging drop Sitting drop
Temperature (K) 277 293 277

Protein concentration (mg ml™?) 9 10

Bauffer composition of protein solution
Composition of reservoir solution

Additive solution

Volume ratio of dropt (pl)

7 .
5 mM HEPES-Na pH 7.0, 10 mM NaCl
2.5 M ammonium sulfate,

100 mM bis-tris-HCI pH 7.0

0.25% (wiv) CHAPS

0.4:0.4:0.2

5 mM HEPES-Na pH 7.0, 10 mM NaCl
35% PEE 797, 350 mM ammonium sulfate,
50 mM CAPS pH 9.0 with or without

450 mM NDSB-201

50 mM LysoFos Choline 10 or

LysoFos Choline Ether 10

With NDSB-201, 1.0:1.0:0;

without NDSB-201, 1.0:1.0:0.5

5 mM HEPES-Na pH 7.0, 10 mM NaCl
18% PEG 4000, 200 mM MgCl,,
40 mM [Co(NHa)g]Cls,

100 mM Tris-HCI pH 7.4

None

1.0:1.0

1 The mixed volume ratio of protein solution:reservoir solution:additive solution.

Table 3
Data collection and processing.

Values in parentheses are for the outer shell.

Molecule . 1L-18 1L-18-1L-18Re IL-18-1L-18Re IL-18-TL-18Re IL-18-JL-18Ra-TL-18R 8
Detergent CHAPS NDSB-201 LysoFos Choline Ether 10 LysoFos Choline 10 None

Diffraction source BL38B1, SPring-8 BL1A, PF BLSA, PF BL44XU, SPring-8 BL17A, PF

Wavelength (A) 1.0000 1.1000 0.9407 0.9000 : 0.9800

Temperature (K) 100 100 100 100 100

Detector ADSC Q315 Dectris PILATUS 2M ADSC Q315 Rayonix MX225HE ADSC Q270
Crystal-to-detector distance (mm) 300.0 328.7 319.6 300.0 309.6

Software XDSISCALA HKL-2000 XDS/SCALA XDSISCALA HKL-2000

Space group P2 P6,22 or P6,22 P2,2;2 P2,2;2 P2412424

a, b, c(A)

o By ()

Theoretical or estimated MW+ (kDa)
Molecules in asymmetric unit
Vu (A>Da™)

Resolution range (A)

Total No. of reflections

No. of unique reflections
Completeness (%)
Multiplicity

(i (D))

Riim. (%)

68.15, 79.51, 73.46
90.00, 100.97, 90.00
182

4

268

450-2.33 (2.46-2.33)
121376

32990

97.8 (97.1)

3.8 (3.8)

205 (3.6)

57 (46.1)

148.05, 148.05, 226,35
90.00, 90.00, 120.00
70.0

2

256

42.0-3.90 (4.04-3.90)
144429

13981

100 (99.9)

103 (10.4)

152 (21)

15.0 (75.6)

136.09, 175.65, 184.57
90.00, 90.00, 90.00
70.0

6

263

47.3-3.30 (3.48-3.30)
989916

66776

99.4 (99.1)

14.8 (15.3)

20.0 (4.5)

142 (84.1)

135.49, 174.81, 183.40
90.00, 90.00, 90.00
70.0

6

259

43.9-3.10 (3.27-3.10)
296079

79180

99.6 (100)

37 (38)

149 (2.5)

117 (67.8)

72.56, 111.56, 134.57
90.00, 90.00, 90.00
1195

1

228

50.0-3.10 (3.21-3.10)
202352

20587

99.9 (99.3)

9.8 (92)

19.8 (2.9)

121 (72.3)

T The molecular weights (MW) of the binary and ternary complexes are estimated from the gel-filtration profile because the receptors have heterogeneous N-linked high-mannose

glycans. The values are used for calculation of the Matthews coefficient (V).

column chromatography. The three proteins were mixed in all
possible combinations and each sample was loaded onto a Superdex
200 10/300 GL column (GE Healthcare). Each sample was isocrati-
cally eluted at a flow rate of 0.25 ml min™" in 50 mM sodium phos-
phate pH 7.0, 150 mM sodium chloride. The molecular masses were
estimated using a calibration curve of gel-filtration standards (Bio-
Rad, Hercules, California, USA).

2.2. Crystallization

Before crystallization, the protein samples were dialyzed against
5 mM HEPES-Na pH 7.0 containing 10 mM sodium chloride. Crys-
tallization screening of IL-18 was conducted using the hanging-drop
vapour-diffusion method in 24-well plates. Crystals were obtained
using an ammonium sulfate-based screening kit (Hampton Research,
McLean, Virginia, USA). Subsequently, the crystallization conditions
were optimized by adding detergent: 400 nl of 7.0 mg ml™" protein
solution was mixed with 400 nl precipitant solution and 200 nl
0.25% (w/v) CHAPS (Dojindo, Kumamoto, Japan). This mixture was
then equilibrated against 500 pl precipitant solution. Crystallization
screening of the binary and ternary complexes was carried out using
the sitting-drop vapour-diffusion method in 96-well plates, in which
100 nl protein solution was mixed with 100 nl of each precipitant
solution. Crystals of the IL-18-IL-18Re complex were obtained using

a pentaerythritol ethoxylate (15/4 EO/OH, PEE 797)-based screening
kit (Jena Bioscience, Jena, Germany), while the IL-18-IL-18Ra-IL-
18R ternary complex was crystallized using a polyethylene glycol
(PEG) 4000-based screening kit (Jena Bioscience). The crystal-
lization conditions for both complexes were optimized by screening
various detergents and additives. Crystallizations with optimized
conditions were scaled up using the hanging-drop or sitting-drop
vapour-diffusion method with 24-well plates in which 1 pl protein
solution and 1 pl precipitant solution were typically mixed with or
without 0.5 pl detergent. Crystallization drops of the IL-18-IL-18Rw
complex were immediately equilibrated with 500 pl precipitant
solution. Crystallization of the IL-18-IL-18Ra-IL-18RfS complex
required a dehydration step prior to vapour diffusion, in which the
crystallization drops were air-dried for 6 h at 293 K and subsequently
placed over reservoir chambers filled with 200 pl of each precipitant
solution. Crystallization plates were incubated under protection from
light at 277 K for IL-18 and IL-18-IL-18Ra-IL-18Rf or 293 K for
IL-18-IL-18Re. The final conditions are summarized in Table 2.

2.3. X-ray diffraction data collection and processing

The crystals from each precipitant solution (including detergents)
were flash-cooled in liquid nitrogen with cryoprotectant solutions
containing 20% (w/v) glycerol (IL-18 and IL-18-IL-18Ra-IL-18RB)
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or 20%(w/v) glucose (IL-18-IL-18Rw). X-ray diffraction data sets
were collected at 100 K using the synchrotron beamlines at SPring-8,
Harima, Japan or Photon Factory (PF), Tsukuba, Japan. The intensity
data were processed using XDS (Kabsch, 2010) and SCALA (Evans,
2006) or HKL-2000 software (Otwinowski & Minor, 1997). When the
XDS and SCALA software were used, the space group was deter-
mined using POINTLESS (Evans, 2006). The crystallographic data-
collection statistics for IL-18, IL-18-IL-18Re and IL-18-IL-18Ra-
IL-18R B are summarized in Table 3. For the IL-18-IL-18Rw crystals,
the statistics with three detergents NDSB-201 (Merck, Whitehouse
Station, New Jersey, USA), LysoFos Choline Ether 10 (Affymetrix,
Santa Clara, California, USA) and LysoFos Choline 10 (Affymetrix)
are shown to indicate the improvement in the data quality.

MW |
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11! ' IL1SRa
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MWI1 2 3 4 56 7 8 9 1011
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70}
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I

)
<@
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=

3. Results and discussion
3.1. Reconstitution of the extracellular 1L-18 signalling complex

We previously established a bacterial overexpression and purifi-
cation system for IL-18 (Li et al., 2003). For structural analysis of the
IL-18-mediated signalling complexes, we used a baculovirus expres-
sion system to obtain sufficient amounts of the IL-18Rw and IL-18Rf
receptors for crystallization experiments. Each receptor expressed
from Sf9 cells was purified by three chromatographic steps: ion-
exchange, metal-affinity and gel-filtration chromatography using Q
and SP Sepharose, Ni-NTA agarose (Figs. 1a and 1b) and Superdex
75 26/60 (Figs. 1c and 1d). Finally, ~4 mg IL-18Re and ~1 mg IL-
18R protein with a purity greater than 90% were obtained from 11

8§ 9 10

MW 1 2 3 4 5 6 7

34 5 6 7 8 910

@
3 4 5 6 7

8§ 9 10

MW 1 2 3 4 5 6 7 8 910

N

1

Evolution volume (ml)

Figure 1

30 40 S0 60 70 80 90 100 110

120

SDS-PAGE analysis of each purification stage. Elution fractions of (a) IL-18R« and () IL-18R from an Ni-NTA agarose column with an imidazole linear gradient. Peak
fractions of (¢) IL-18Rex and (d) I1.-18R 8 on size-exclusion chromatography. (e) Elution profiles of the IL-18 binary (gray) and IL-18 ternary (black) complexes on size-

exclusion chromatography; the peak fractions were analyzed by SDS-PAGE.
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Sf9 cell culture (Figs. 1¢ and 1d), while ~5 mg of IL-18 was obtained
from 11 E. coli culture. To form the binary and ternary complexes,
purified IL-18, IL-18Rw and IL-18R S were mixed and loaded onto a
Superdex 200 16/60 column and each complex was isocratically eluted
as a single peak (Fig. le).

The IL-18 ternary complex was previously reported to assemble in
a hierarchical order (Kato et al., 2003). We confirmed this finding and
its stoichiometry using analytical gel-filtration column chromato-
graphy with purified recombinant proteins. Formation of a ternary
complex (MW 119.5kDa) with 1:1:1 stoichiometry was clearly
observed (Fig. 24). In the absence of IL-18R8 (MW 51.5kDa),
IL-18Ree (MW 61.4 kDa) and IL-18 (MW 18.6 kDa) co-eluted as a
complex with an estimated molecular mass of 70.0 kDa, suggesting
stable 1:1 complex formation (Fig. 2a). In contrast, the IL-18RA
receptor did not show complex formation with IL-18R« or IL-18
alone (Figs. 2b and 2c). Thus, our data clearly demonstrate that
the IL-18-IL-18Re binary complex is required for the binding of
IL-18RA. Both the IL-18-1L-18Rw and IL-18-IL-18Ra-IL-18RA
complexes were subjected to crystallization screening.

e (IL-18:1L-18Ra:IL-18RB)
130 === |L-18Ra {0:1:0)

e || - 84L-18Ru (2:1:0)
7 e 1L-18+IL-18Ra+IL-18RB (2:121)

UV absorption (mAU)

TSP} E— T 15 oae e
Elution volume (mi)
(@)

150 e
- (1:0:0)
o= — IL18Re (0:1:0)
g 90 | e [L-18RO+IL-18RB (0:1:1)
g o
2 so
®
> 30
> 10 et o -

00 qh e a3 1a o qs gy g

Elution volume (ml)
®

150 -

—_130 | == |L-18RB (0:0:1)
2 — [L-18+L-18RB  (1:0:1)
g 10 : )
= ®
o
'”c":; 70
% 50
S
2 10 .
(10)11‘ B R T 14 . 15 16 ; 17 g
Elution volume (ml)
Figure 2 @

Log(molecular weight)
[¢)]

3.2. Crystallization and preliminary crystallographic analysis

Optimized crystallization conditions are summarized in Table 2.
Single crystals of IL-18 with typical dimensions of 200 x 200 x
200 pm (maximum dimensions 300 x 300 x 300 pm) appeared within
one week at 277 K (Fig. 3a). Crystals of IL-18-IL-18Ra were
obtained with various detergents as indicated in Table 2. Spherical
moss-like crystals were initially obtained, but three single-crystal
forms appeared in the presence of different detergents within a few
days at 293 K; these detergents were NDSB-201 (Fig. 3b), LysoFos
Choline Ether 10 (Fig. 3¢) and LysoFos Choline 10 (Fig. 3d). A single
crystal of IL-18-IL-18Ra~IL-18RB with dimensions of 50 x 50 x
300 pm appeared within a few weeks at 277 K (Fig. 3¢).

Crystals of IL-18 diffracted to 2.33 A resolution and belonged
to space group P2, with unit-cell parameters a = 68.15, b = 79.51,
c = 7346 A, B = 100.97°. The IL-18-IL-18Ra complex crystals
obtained with NDSB-201 or LysoFos Choline Ether 10 diffracted to
3.90 and 3.30 A resolution, respectively, and a complete data set was
collected for each. Of the three crystal forms, the crystal obtained
with LysoFos Choline 10 yielded a complete data set at the highest
resolution, 3.10 A, and belonged to space group P2,2,2, with unit-cell
parameters a = 13549, b = 174.81, ¢ = 183.40 A. The crystal of the
IL-18-IL-18Ra~IL-18R S complex diffracted to 3.10 A resolution and
belonged to space group P2;2,2;, with unit-cell parameters a = 72.56,
b = 111.56, ¢ = 13457 A. Crystallographic data and X-ray data-
collection statistics are summarized in Table 3. Further structural
determination is in progress.

X-ray data collection was supported by SPring-8 (Harima, Japan),
the Photon Factory (Tsukuba, Japan) and the Platform for Drug
Discovery, Informatics and Structural Life Science (Japan). We thank
T. Tsunaka (Kyoto University) for his support in the use of beamline

8.5

Thyrogloblin 670 kDa
55

we gamma-globulin 158 kDa
Nicken ovalbumin 44 kDa
45 @1L-18+IL-18Ra+IL-18RB

® IL-18+IL-18Ra
W IL-18Ra
AIL-18RB
ViL-18

8 g 10 11 12 13 14 15 16 17 18
Elution volume (ml)

y=-0.2019x + 7.6779
R? = 0.9997

Equine myoglobin 17 kDa

Il ! ! 1 ) : i i

19 20

)
kDa
IL-18 18.6
IL-18Ra 614
IL-18RB 515
IL-18+IL-18Ra 70.0
IL-18+IL-18Ra+IL-18RB  119.5
(@]

Gel-filtration profiles for recombinant IL-18, IL-18R« and IL-18R 8 and their mixtures in all possible combinations. IL-18 and its receptors were mixed at the ratios indicated.
(a) The typical trace for the binary IL-18-1L-18Ra complex (orange) and ternary IL-18-IL-18Ra-IL-18RB complex (black). (b) The elution profile for a 1:1 mixture of
1L-18Re and IL-18R B (purple) overlaid with that for each receptor alone (red or blue). (¢) The IL-18 and IL-18R S mixture (green) eluted in two separated peaks. (d) The
elution volumes for IL-18, IL-18Rew, IL-18R S and its complexes were plotted against the calibration line. (¢) A summary of the deduced molecular weights.
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@

Figure 3

(@

Crystals of IL-18 alone and its extracellular complexes. (a) A crystal of IL-18. (b) A hexagonal crystal of IL-18-IL-18Re obtained with NDSB-201. (¢, d) Orthogonal crystals
of IL-18-IL-18Ra obtained with (¢) LysoFos Choline Ether 10 and (d) LysoFos Choline 10. (¢) Crystals of IL-18-IL-18Ra~IL-18RA.

BL44XU at SPring-8. We also thank N. Kawamoto, K. Tsuji,
M. Yamamoto and K. Kasahara (Gifu University) for their technical
assistance. Affymetrix Inc. provided us with discontinued detergents.
This work was supported by JSPS KAKENHI Grant Number
22370038 to HT, Grant-in-Aid for JSPS Fellows to NT, and Health
and Labour Science Research Grants for Research on Intractable
Diseases from the Ministry of Health, Labour and Welfare to HO.
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Abstract

Background: More than 90% of spinal muscular atrophy (SMA) patients show homozygous deletion of SMNI (survival motor
neuron 1). They retain SMN2, a highly homologous gene to SMNI, which may partially compensate for deletion of SMNI.
Although the promoter sequences of these two genes are almost identical, a GCC insertion polymorphism has been identified at
¢.-320_-321 in the SMNI promoter. We have also found this insertion polymorphism in an SMN2 promoter in an SMA patient
(Patient A) who has SMA type 2/3.

Purpose: The aims of this study were to determine the frequency of the GCC insertion polymorphism in SMA patients, and to
evaluate its effect on SMN transcription efficiency.

Puatients and methods: Fifty-one SMA patients, including Patient A, were involved in this study. SMN2 transcript levels in white
blood cells were measured by real-time polymerase chain reaction. Screening of the GCC insertion polymorphism was performed
using denaturing high-pressure liquid chromatography. The transcription efficiency of the promoter with the insertion mutation was
evaluated using a reporter-gene assay.

Results: All SMA patients in this study were homozygous for SMNI deletion. Patient A retained two copies of SMN2, and
showed only a small amount of SMN2 transcript in white blood cells. We detected a GCC insertion polymorphism at c.-320_-
321 only in Patient A, and not in 50 other SMA patients. The polymorphism had a slight but significant negative effect on transcrip-
tion efficiency.

Discussion and conclusion: Patient A was judged to be an exceptional case of SMA, because the GCC insertion polymorphism
rarely exists in SMNI-deleted SMA patients. The GCC insertion polymorphism did not enhance the transcriptional efficiency of

* Corresponding author at: Department of Community Medicine and Social Healthcare Science, Kobe University Graduate School of Medicine,
7-5-1 Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan. Tel.: +81 78 382 5540; fax: +81 78 382 5559.
E-mail address: nishiotimed.kobe-u.ac.jp (H. Nishio).

hitp://dx.dotorg/10.1016/) braiadey.2014.10.006
0387-7604/© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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SMN?2. Thus, this GCC insertion polymorphism in the SMN2 promoter may not be associated with the milder phenotype of the
patient. Patient A suggests that there are other unknown factors modifying the clinical phenotype of SMA.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Spinal muscular atrophy; SMNI; SMN2; Promoter; Polymorphism

1. Introduction

Spinal muscular atrophy (SMA) is an autosomal
recessive neuromuscular disorder characterized by prox-
imal muscular atrophy of the limbs and trunk, resulting
from degeneration of motor neurons in the anterior
horn of the spinal cord. The incidence of the disease
has been estimated at 1 in 6000-10,000 newborns, with
an expected carrier frequency of 1 in 40-50 [1].

SMA is classified into three clinical subtypes depend-
ing on the age of disease onset and the achievement of
motor milestones [2]: type 1 (severe form, Werdnig-Hoff-
mann disease; age of onset 0-6 months, unable to sit
unaided), type 2 (Dubowitz disease, intermediate form;
age of onset <18 months, unable to stand or walk
unaided), and type 3 (mild form; Kugelberg-Welander
disease; age of onset >18 months, able to stand or walk
unaided). Additionally, two other forms of the disease,
with the most severe having prenatal onset and the mild-
est type manifesting after 20 years of age, have been
reported as SMA type 0 (prenatal form) and SMA type
4 (adult form) [3].

Using linkage analysis, all clinical subtypes of SMA
have been mapped to chromosome 5q11.2-13.3. The
survival motor neuron (SMN) gene has been identified
as a candidate for SMA [4]. SMN is in fact two highly
homologous genes, SMNI/ (the telomeric copy) and
SMN?2 (the centromeric copy) [4]. SMNI and SMN2
encode the same protein; however, SMNI is now consid-
ered to be responsible for the development of SMA,
because its homozygous deletion has been found in
>90% of SMA patients, and subtle but deleterious intra-
genic SMNI mutations have been identified in non-dele-
tion patients [4,5]. It has been accepted that SMN2 may
be a modifier gene of SMA. Owing to a single nucleotide
difference between SMNI and SMN2, exon 7 of SMN2
is alternatively spliced (more precisely, skipped) result-
ing in the production of an SMN transcript lacking exon
7 (A7-SMN transcript) and an unstable A7-SMN pro-
tein [6]. The single nucleotide change in SMN2 exon 7,
which is a C-to-T transition located at codon 280,
increases A7-SMN transcript levels and, correspond-
ingly, decreases full-length SMN (FL-SMN) transcript
levels [7]. Even so, SMNZ is also able to generate a small
amount of full-length transcript, and thus it can par-
tially compensate the loss of SMNI [8].

Generally, the clinical severity of SMA patients is
inversely correlated with SMN2 copy number. A high

copy number of SMN2 is associated with a milder phe-
notype, and a low copy number with a more severe phe-
notype. SMA type 1 patients typically have two copies
of SMN2, SMA type 2 patients have three copies, and
SMA type 3 patients typically have three or more copies
[9]. More than four SMN2 copies are associated with a
milder phenotype of SMA type 3 [10]. However, the clin-
ical severity cannot always be determined by the SMN2
copy number alone.

The expression level of SMN2 may also be correlated
with the clinical severity of the disease and, therefore,
analysis of the SMN2 promoter is important. Echaniz-
Laguna et al. and Boda et al. reported that the promoter
sequences of SMNI and SMN2 are identical, providing
strong evidence for similar transcriptional regulation of
these genes [11,12]. However, Monani et al. found more
than 10 nucleotide differences between the promoter
regions of these two genes [13,14]. One of them, a
GCC insertion polymorphism, was specifically identified
at ¢.-320_-321 in the SMNI promoter, leading to GCC
duplication at ¢.-324-c.-318. Polymorphisms in the pro-
moter region may have some effect on transcriptional
activity.

We found the GCC insertion polymorphism in an
SMN2 promoter in a Japanese boy diagnosed as having
SMA type 2/3 (Patient A). The location of the GCC
insertion in the SMN2 promoter in Patient A was corre-
sponding to that of the GCC in the SMNI promoter
reported by Monani et al. [14]. It is notable that the clin-
ical phenotype of the patient was much milder than
expected based on his SMN2 copy number. In this
study, we determined the frequency of the GCC inser-
tion polymorphism in controls and SMA patients. We
also evaluated the effect of the GCC insertion polymor-
phism on SMNZ2 transcriptional activity.

2. Patients and methods
2.1. Patients

All 50 Japanese patients in this study fulfilled the
diagnostic criteria defined by the 59th ENMC Interna-
tional Workshop [2]; 26 patients (aged 1-34 years) were
type 1, 16 type 2, and eight type 3. The molecular genetic
analysis was approved by the Ethical Committee of the
Kobe University Graduate School of Medicine, Japan.
Informed consent was obtained from the patients or
their parents. Fifty healthy Japanese adults (aged 21—
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70 years) volunteered to participate in the study as con-
trol subjects.

Patient A was a 2-year-old Japanese boy who was
clinically suspected as having a neuromuscular disorder
with decreased muscle tonus. He was born as the third
child to non-consanguineous and healthy parents. The
pregnancy and delivery were non-eventful. Early devel-
opmental milestones were slightly delayed: head control
was obtained at age 6 months, sitting without support at
age 8 months, crawling at age 9 months, and standing
and walking with support (ex. handrails) at age
18 months. However, he could never walk without sup-
port. He uttered his first word at 18 months, and a sim-
ple two-word sentence at 22 months. On admission, his
weight and height were 85.5 cm (—0.7 SD) and 11.5 kg
(—0.9 SD). His mental status was alert. Apparent facial
anomaly was absent, but high-arched palate was pres-
ent. Lung and heart auscultation revealed no abnormal
findings. Abdominal examination was normal. Tongue
fasciculation was absent. Muscle tonus was decreased:
scarf sign, heel-to-ear sign, and loose-shoulder sign were
observed. Muscle strength was also decreased especially
in the proximal region of the legs. Deep tendon reflexes
were absent or extremely diminished. Laboratory exam-
ination revealed no muscular damage (AST 28 TU/L,
ALT 10IU/L, CK 1191U/L, ALD 71IU/L, lactate
13 mg/dL, pyruvate 0.8 mg/dL). Muscle biopsy findings
were compatible with those of SMA. Based on the mus-
cle biopsy findings, together with the clinical phenotype,
he was diagnosed as having SMA type 2/3.

2.2. SMNI deletion test and SMNZ2 gene dosage analysis

Genomic DNA was extracted from peripheral white
blood cells. The SMNI exon 7 deletion test was per-
formed by the PCR-restriction fragment length poly-
morphism method of van der Steege et al. [15]. SMN2
copy numbers were determined with a LightCycler 1.5
instrument (Roche Diagnostics GmbH, Mannheim,
Germany) using FastStart DNA Master SYBR Green
I (Roche Diagnostics) according to the method of Tran
et al. [16].

2.3. RNA extraction, cDNA synthesis, and quantitative
real-time PCR

Total RNA was isolated from peripheral white blood
cells. cDNA was synthesized from total RNA with
Transcriptor Reverse Transcriptase (Roche Diagnostics)
according to the manufacturer’s instructions.

Quantitative reverse-transcription-PCR  was per-
formed with a LightCycler 1.5 instrument (Roche Diag-
nostics) using FastStart DNA Master SYBR Green I
(Roche Diagnostics). To evaluate transcript levels of
the SMN genes, we amplified cDNA fragments of exons
1-2b, exons 7 and 8, and exons 5, 6 and 8. The cDNA

fragment including exons 1-2b represented total SMN
transcript, because the sequence of exons 1-2b is com-
monly included in all transcript isoforms. The cDNA
fragment containing exons 7 and 8 represented the
FL-SMN transcript, because it contained sequence
beyond exon 7. The cDNA fragment including SMN
exons 5, 6 and 8 represented the A7-SMN transcript,
because it did not carry the sequence of exon 7. We used
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as an endogenous reference gene, and the levels of
SMN were normalized relative to those of GAPDH.
The primers for the total-SMN, FL-SMN, A7-SMN,
and GAPDH transcripts have been described previously
[17.18]. Quantitation of the PCR products was per-
formed with the second derivative maximum method
of the LightCycler software.

2.4. Denaturing high-pressure liquid chromatography
(DHPLC) detection of GCC insertion polymorphism in
the SMN promoter

To screen for the GCC insertion polymorphism in
SMA patients and controls, DHPLC analysis of PCR
products was performed. PCR of the fragment including
the polymorphism site was carried out with the primer
set: 5'-tgcaatgagccgagatggtg-3’ and 5'-cctececcttggaaaag-
taa-3'. The PCR products were then directly loaded into
the autosampler of an automated DHPLC system, the
WAVE Nucleic Acid Fragment Analysis System,
equipped with a DNASep cartridge (Transgenomic,
Omaha, NE, USA). The samples were run under par-
tially denaturing conditions at 54.6 °C (oven tempera-
ture). The buffer gradient conditions were the same as
previously reported [19].

2.5. Sequencing

Direct and/or subcloned sequencing analyses of
PCR-amplified products were performed. Sequencing
reactions were performed using a dye terminator cycle-
sequencing kit (Applied Biosystems/Life Technologies
Corporation, Carlsbad, CA, USA), according to the
supplier’s instructions. The reaction products were auto-
matically electrophoresed on an ABI PRISM 310
Sequencer (Applied Biosystems) and then analyzed
using the Sequencing Software Module provided with
the ABI PRISM 310 Sequencer.

2.6. Preparation of expression vectors

The PCR-amplified fragment containing GCCGCC
polymorphism or GCC polymorphism was inserted into
a firefly luciferase reporter plasmid, pGL2BTK (pGL2-
Basic with a minimal herpes virus 1 thymidine
kinase promoter). The GCCGCC and GCC fragment-
containing plasmids were designated as ‘pGCCGCC’
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and ‘pGCC’, respectively. The construct maps of
pGL2BTK, pGCCGCC, and pGCC are shown in
Fig. 1.

2.7. Transcription assay

The responses of the test plasmids (pGL2BTK,
pGCCGCC, pGCC) to dibutyryl cAMP (dbcAMP;
0.5 mM), forskolin (20 uM), and a combination of dibu-
tyryl cAMP and forskolin were determined in a human
neuroblastoma cell line, BE(2)-C cells. The neuroblas-
toma cell lines have been used as useful experimental
models of neuronal differentiation because the morpho-
logical, biochemical and electrophysiological properties
of neuroblastoma cell lines are similar to those of neu-
rons [20].

Neuroblastoma cells [2 x 10° cells in Minimum
Essential Medium (MEM)] were cotransfected with a
test plasmid (1.6 pg) and the phRL plasmid (a sea pansy
luciferase reporter plasmid; Promega Corporation,
Madison, WI, USA) (0.5 ng) using Lipofectamine 2000
(Invitrogen/Life Technologies Corporation). Twenty-
four hours after transfection, dibutyryl cAMP, for-
skolin, or a combination of dibutyryl cAMP and for-
skolin was added to the MEM. The cells were
harvested after culture for an additional 24 h.

Transcriptional activity of the test plasmids was mea-
sured using the dual-luciferase reporter assay system, in
which sea pansy-luciferase activity was used as a control
for the transfection efficiency of the test plasmids. Each
transcriptional activity measurement was repeated three
times and the data are expressed as the mean £ SD.

A. SMN promoter sequence (-432/-214)
-432 tgcaatgagccgagatggtgccactgecactet gaggas agagcga
CREB

-387 gactccgtctcaaaacaaacaacaaataagg Liogogg atcaaat
MZF-1

~342 Atcttctagtgtttaaggatct (goc) gecttecttectgeco
trinucleotide insersion

~-305 cccatgtttgtettt cottgittgiol ttatatagatcaagcagy
HNF-3b

-260 ttttaaattcctagtaggagcttacatttacttttccaagggggagy

B Construction map

poLzeTk Y mini-Tk LuC ]
peccece —|___BCCGCC [ Mini-TK |+ LuC ]
pecc -] GCC - mini-Tk -] LuC ]

Fig. 1. SMN promoter sequence (A) and construction map (B). The
SMN promoter sequence from c.-432 to c.-214 is shown in the upper
part of the figure (A). The numbering of nucleotide in the promoter
sequence is based on Monani et al. {14]. Trinucleotide insertion at
¢.-320_-321 is parenthesized. Putative transcription factor binding sites
are underlined. Plasmid construction map is shown in the lower part of
the figure (B). All constructs have a firefly-luciferase reporter gene,
which is designated as LUC in the map. The pGL2BTK plasmid is a
basic plasmid served as control. The GCCGCC and GCC fragment-
containing plasmids were designated as ‘pGCCGCC’ and ‘pGCC’,
respectively.

2.8. Statistics

Statistical analysis of the transcriptional activity data
was performed using Microsoft Excel 2003 software and
Statistical Package for the Social Sciences (SPSS Inc.,
Chicago, I, USA). The Student’s ¢-test was conducted to
evaluate differences between the plasmids. A probability
of less than 0.05 was considered statistically significant.

3. Results
3.1. SMNI deletion test and SMN2 gene dosage analysis

We performed an SMNI deletion test on Patient A,
who was suspected as having SMA type 2/3. The patient
carried zero copies of SMNI and two copies of SMN2.
Based on molecular analysis, he was diagnosed as hav-
ing SMA.

A nucleotide substitution in SMN2 exon 7,
¢.859G>C, has been reported as a positive modifier of
the SMA phenotype [21,22]. To check whether the
mutation is present in Patient A, we performed a
sequencing analysis of the exon 7. However, we did
not find any substitutions including ¢.859G>C.

3.2. SMN?2 transcript levels

Our aim of this study was to compare the SMN2
transcript levels of Patient A to those of other SMA type
2 patients, because we hypothesized that SMN2 tran-
script expression was the key determinant of the SMA
phenotype. It would have been preferable to compare
Patient A with SMA type 2 patients carrying two copies
of SMN2. However, we did not have cDNA samples
from SMA type 2 patients with zero copies of SMNI
and two copies of SMN2. In this study, we determined
the baseline transcript levels of total SMN, FL-SMN,
and A7-SMN in the white blood cells of Patient A, five
disease controls (DCs 1-5; they were all SMA type 2
patients with zero copies of SMNI and three copies of
SMN2) and three healthy controls. All of the disease
controls were able to sit without support, but could
not stand or walk even with any support.

Total SMN transcript levels of Patient A, DC1, DC2,
DC3, DC4, and DCS5 were 38%, 76%, 66%, 181%, 232%,
and 166% of the mean value of the healthy controls,
respectively. This finding suggested that SMN2 tran-
scription in Patient A was significantly reduced com-
pared with that of the disease controls.

The FL-SMN transcript levels of Patient A, DCI,
DC2, DC3, DC4, and DC5 were 53%, 58%, 64%, 44%,
68%, and 95% of the mean value of the healthy controls,
respectively. The A7-SMN transcript levels of Patient A,
DC1, DC2, DC3, DC4, and DC5 were 167%, 206%,
130%, 130%, 97%, and 145% of the mean value of the
healthy controls, respectively. These findings suggested
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that SMN2 splicing in Patient A was similar to that of
the disease controls.

3.3. Identification of GCC polymorphism in the SMN2
promoter

According to Monani et al., a ~200-bp element lying
between —441 and —228 (numbering is based on the
article of Monani et al. [14]) in SMN promoters drives
strong expression. Thus, we explored the SMN2 pro-
moter of Patient A. Direct sequence analysis of the ele-
ment showed overlapping nucleotide peaks (Fig. 2),
suggesting an insertion or deletion of some nucleotides.
Sequencing analysis of subcloned fragments identified
two different alleles with and without a GCC insertion
at position c¢.-320_-321. However, no other mutations
were detected in this region.

The Agl CA multicopy microsatellite marker sequence
is present in the promoter region downstream of the GCC
insertion at c¢.-320_-321. Therefore, the GCC location
may be different from allele to allele. We did not identify
the real size of the Agl CA multicopy marker sequence or
the real position of the GCC insertion in Patient A. The
GCC insertion at ¢.-320_-321 does not represent the real
location in Patient A. In this study, based on the report by
Monani et al. [14], we named this GCC insertion poly-
morphism in the SMN1/SMN2 promoter as “the GCC
insertion at ¢.-320_-321").

3.4. Frequency of GCC insertion in control individuals and
SMA patients

We performed DHPLC screening for the GCC inser-
tion polymorphism in 50 control individuals and 50

GG ATCTGCCKYCYTYCYT

Direct sequencing of
(GCCGCC) allele and
(GCC) allele

Subcloning and sequencing of
(GCCGCC) allele

Subcloning and sequencing of ‘
(GCC) allele I

Fig. 2. Sequencing of the SMN2 promoter region of Patient A. Direct
sequencing analysis showed overlapping nucleotide peaks suggesting
the presence of two different alleles (top). Subcloning sequencing
analysis separately identified (GCCGCC) allele and (GCC) allele
(middle and bottom).

SMA patients (Patient A was not included in the 50
SMA patients) (Fig. 3). All control individuals carried
SMNI and SMN2, and all SMA patients lacked
SMNI but retained SMN2.

The GCC insertion polymorphism was found in 12
out of 50 control individuals (24%), while it was not
found in any SMA patients. Using long-range PCR,
we also confirmed that the GCC insertion polymor-
phism was present in the SMNI promoter in a healthy
control. However, the GCC insertion polymorphism
was absent in all SMA patients (Table 1). This observa-
tion suggested that the GCC insertion polymorphism
propagates mainly in SMNI genes.

3.5. Effects of GCC insertion on transcription efficiency in
luciferase transcription assay

To clarify the effect of the GCC insertion polymor-
phism on transcription activity, we performed transient
transfection experiments with pGL2BTK, pGCCGCC,
and pGCC (Fig. 4). The sequences of inserted frag-
ments, GCCGCC and GCC, are presented in Fig. 1. It
should be noted that the cyclic AMP-response element
(CRE)-like site, TGACGACA, is present at 84 bp
upstream of the polymorphism position.

Neuroblastoma cell lines have been used because of
their closely resembled characteristic of neurons. In the
assay with neuroblastoma cell lines, BE(2)-C cells, the
baseline activity of pGCCGCC was lower than that of
pGCC. Furthermore, the response to dibutyryl cAMP
(a cyclic nucleotide derivative which mimics the action
of endogenous cAMP), forskolin (a reagent elevating
cAMP via activation of the adenylyl cyclase), or both
reagents was slightly lower in pGCCGCC than in
pGCC. These results suggested that the presence of the
GCC insertion polymorphism slightly decreased tran-
scription efficiency of the SMN2 promoter in neuronal
cells. Thus, the GCC insertion polymorphism in the
SMN2 promoter of Patient A may not increase,
but decrease transcription efficiency. This finding was

DHPLC screening Direct sequencing Genotyping

a GGAT CTGCCTTCCTTCCT,

AAAAR
i GCC
W Gee

A A\ i
i Mo i ﬁgi; |
) =

I f\ ) /I (cceace)
A
i

A o ﬂ .
- \ i j ;
b [V ,%! iy i
IV I fit/ W W/ ! el

Fig. 3. DHPLC screening for the GCC insertion polymorphism.
DHPLC analysis for the (GCC) allele showed a single peak (a-peak),
but the presence of (GCCGCC) allele generated an additional peak (b-
peak) to the a-peak.
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Table 1
Frequency of GCC insertion polymorphism in control individuals and
SMNI-deleted SMA patients.

GCC insertion polymorphism

Present Absent
SMNI-deleted SMA patients” 0 50 50
Healthy control individuals 12 38 50
12 88 100

" Patient A was excluded from the SMNI-deleted SMA patients.

0 pGL2BTK pGCCGCC & pGCC |

1.25

0.75 - —

0S5

dbcAMP
+ forskolin

baseline dbcAMP forskolin

Fig. 4. Effect of GCC insertion polymorphisms on transcriptional
activity. The effect of the GCC insertion polymorphism on transcrip-
tion activity after transient transfection with pGL2BTK, pGCCGCC
and pGCC into a neuroblastoma cell line, BE(2)-C cells. According to
our data, the presence of the GCC insertion polymorphism slightly
decreased transcription efficiency of the SMN2 promoter in neuronal
cells, with or without dibutyryl cAMP (dbcAMP) and/or forskolin
treatment. The asterisk (*) shows the significant difference (p <0.01).

compatible with a decreased amount of total SMN2
transcript in white blood cells of Patient A.

4. Discussion
4.1. SMN2 copy number analysis

In this study, we presented a SMNI-deleted SMA
patient with two copies of SMN2. He showed a milder
phenotype than we had expected based on a low
SMN?2 copy number. Patient A was able to sit without
support, and also able to take a few steps sideways when
supported. The clinical phenotype of the patient was
judged to be SMA type 2/3, or type 2.9 according to
the classification of Dubowitz [23].

Feldkotter et al. [24] reported that 138 out of 153
patients carrying two copies of SMN2 were type 1
patients (90%). Swoboda et al. [25] reported that 21
out of 22 patients carrying two copies of SMN2 were
ventilator dependent or unable to sit unsupported
(95%). These results are fully compatible with our previ-
ous observation of 37 out of 39 patients carrying two
copies of SMN2 being diagnosed as SMA type 1 [26].

Even though the SMN2 copy number is a modifying
factor of the SMA phenotype, there are some excep-
tional cases. Prior et al. and Vezain et al. reported that
some unrelated SMA patients with 1-2 copies showed
much milder clinical phenotypes than expected [20.21].
They identified a single base substitution, ¢.859G>C,
in SMN2 exon 7, leading to inclusion of the exon in
SMN2 mRNA. Patient A may also belong to such a
patient group with a discrepancy between clinical phe-
notype and SMN2 copy number. However, Patient A
did not carry a ¢.859G > C substitution.

Recently, Oprea et al. reported the possibility of a

female-specific modifying factor [27]. They suggested

that high plastin 3 (PLS3) expression may be a
female-specific modifying factor, which was observed
in non-symptomatic females lacking SMNI (discussed
further below). However, Patient A was a male, not a
female.

It is, therefore, reasonable to think that unknown
modifiers, other than an increase of SMN2 copy num-
ber, the presence of an SMN2 mutation facilitating exon
7 inclusion or a female-specific modifying factor, ame-
liorated the phenotype of this patient.

We found a GCC insertion polymorphism at c.-320_-
321 in the SMN2 promoter of Patient A. This trinucleo-
tide insertion has already been identified in SMNI, but
not in SMNZ2. Monani et al. [13] found more than 10
nucleotide differences between the SMN promoter
regions of PAC 125D9 and PAC 125D15. Among them,
a GCC insertion polymorphism was found in PAC
125D9 containing SMNI, but not in PAC 125D15 con-
taining SMN2 [13]. However, Boda et al. reported that
the promoter sequences of SMNI and SMN2 were iden-
tical [12]. They suggested that the different nucleotides in
the sequence of PAC 125D9, including the GCC inser-
tion, could be accounted for by errors in the sequencing
of this clone.

Our study demonstrates that the GCC insertion poly-
morphism is, without doubt, present in the human pop-
ulation. The GCC insertion polymorphism was found in
one fourth of control individuals, but was absent in all
SMA patients, except for Patient A. In addition, strictly
speaking, the possibility exists that in Patient A the
upstream region, including the SMNI promoter, was
connected to the downstream region, including SMN2
exons, during gene conversion switching. These findings
suggest that the GCC insertion polymorphism is perpet-
uated in SMNI genes.

4.2. Effect of the GCC insertion polymorphism on
transcriptional activity

Next, we examined the possibility of the GCC inser-
tion polymorphism in SMN2 as a modifying factor of
the SMA phenotype. Comparison between patient A
(two copies of SMN2) and other SMA type 2 patients
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(three copies of SMNZ2) revealed a lower total SMN
transcript level in peripheral blood cells of patient A.
This finding suggests that the SMN2 transcript level in
patient A is mainly influenced by SMN2 gene dosage.
However, we are unable to examine SMN2 transcription
in motor neurons.

Monani et al. [14] showed that a ~200-bp fragment
lying between —441 and —228 (numbering is based on
the article of Monani et al. [14]) drives strong expression
in a motor neuron cell line. The ~200-bp fragment con-
tains a CRE-like site (TGACGACA), which interacts
with the cyclic-AMP responsive element binding protein
(CREB). Because the GCC insertion polymorphism
resides in this fragment, we suggest that it may exert a
negative (suppressing) or positive (enhancing) effect on
transcriptional efficiency.

To examine the effect of the polymorphism on tran-
scriptional efficiency, we constructed plasmids contain-
ing the ~200-bp fragment, and performed a luciferase
reporter gene analysis using a neuroblastoma cell line
(as an alternative cell line of a motor neuron cell line).
Under baseline conditions and stimulated conditions
with dbcAMP, forskolin, or both reagents, luciferase
activity of the plasmid construct with the GCC insertion
was lower compared with that without the GCC
insertion.

These data suggest that the presence of the GCC
insertion polymorphism slightly decreases transcription
efficiency of the SMN2 promoter in neuronal cells.
Thus, the GCC insertion polymorphism in the SMN2
promoter of Patient A might partially decrease tran-
scription efficiency.

However, we must mention some limitations of this
study. First, we do not know whether the SMN2 pro-
moter of Patient A carries any polymorphisms other
than the GCC insertion polymorphism. The existence
or not of other polymorphisms should be determined
for a more accurate evaluation of the promoter func-
tion. Furthermore, the promoter region that we used
to study SMN2 transcription efficiency was not large
enough to evaluate the combined effect of promoter-
binding proteins, although the SMN2 transcript levels
of Patient A were significantly lower than those of other
individuals tested in this study.

4.3. Modifying genes outside SMN genes

Our data show that FL-SMN transcript levels in
Patient A were similar to those in five other SMA
patients with three copies of SMN2. The amount of
FL-SMN transcript is regulated by two processes, tran-
scriptional activity and splicing of exon 7; however,
transcription was not up-regulated in this patient.
Patient A, therefore, suggests positive effects of splic-
ing-related factors on the increase in FL-SMN tran-
script levels and that the modifier gene in Patient A

may be related to the splicing machinery. However,
the phenotype of our patient was much milder com-
pared with the phenotypes of patients with typical
SMA type 2. This indicates that the phenotype was pos-
itively modified by factors other than FL-SMN tran-
script levels (and levels of FL-SMN protein).

It is certain that modifying factors other than SMN
genes are closely related to the SMA phenotype.
Recently, Oprea et al. reported the possibility of a
female-specific modifying factor [27]. They suggested
that high plastin 3 (PLS3) expression, observed in
non-symptomatic females lacking SMNI, may be such
a factor (discussed further below). However, Patient A
was a male, not a female.

The presence of asymptomatic females with no
SMNI copies strongly suggests that non-SMN genes
may be related to the pathogenesis or anti-pathogenesis
of SMA. In this context, it is also necessary to clarify
modifying factors other than SMN genes to establish
an effective treatment for SMA.,

4.4. Conclusion

In this study, we found a GCC insertion polymor-
phism at ¢.-320_-321 in the SMN2 promoter of Patient
A, an SMNI-deleted SMA patient with a milder pheno-
type than expected considering the low SMN2 copy
number. Transcription assays demonstrated that the
polymorphism had a negative effect on transcription effi-
ciency. This finding was compatible with a decreased
amount of total SMN2 transcript in white blood cells
from Patient A. Thus, this GCC insertion polymor-
phism in the SMN2 promoter may not be associated
with the mild phenotype of the patient. Furthermore,
our experiment in this study show that SMN gene and
milder clinical phenotype of SMA may not always been
correlated. We suggest non SMN gene factor maybe
worked in this patient. Future studies are necessary to
identify the modifying genes outside SMN gene that
ameliorated the clinical phenotype of the patient.
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Introduction

Abstract

Background: Valproic acid (VPA) is expected to become an effective therapeutic
agent for spinal muscular atrophy (SMA) because of its histone deacetylase inhibi-
tor effect.

Aim: To evaluate the effectiveness of VPA for SMA.

Methods: Seven consecutive Japanese SMA patients (three males, four females)
were recruited. Of those, six were type 2 (cases A-E, G) and one was type 3
(case F). One female patient (case E) was aged 2 years and 10 months, whereas
the others ranged in age from 15 to 42 years. VPA was administered for 6 months
with L-carnitine. We carried out SMN transcript analysis of peripheral white
blood cells, and evaluated using the Modified Hammersmith Functional Motor
Scale for SMA (MHFMS), vital capacity (VC), maximum insufflation capacity
(MIC), and cough peak flow (CPF) before and at 1, 3 and 6 months after starting
treatment.

Results: Cases B-E and G completed the study. The final VPA dosage in
cases B-D and G was 400 mg/day, whereas that in case E was 100 mg/day. The
quantity of the FL-SMN transcription product showed a tendency to increase.
Case E showed a remarkable improvement in MHFMS, and gained motor func-
tion to turn from side to side during the study period. Although no significant
changes were observed in MHFMS in the older cases, VC, MIC and CPF were
improved in those.

Conclusion: Our findings suggest that VPA treatment is effective for improving
MHFMS and respiratory function in some SMA patients. A placebo-controlled
randomized trial is warranted to confirm the efficacy of VPA for SMA.

namely SMNI and SMN2.* The disease is caused by loss of
SMNI, with more than 95% of SMA patients showing a
homozygous deletion or interruption in SMNI, resulting in

Spinal muscular atrophy (SMA) is an autosomal recessive
neuromuscular disorder characterized by degeneration of the
anterior horn cells of the spinal cord, resulting in progres-
sive muscular atrophy, and weakness of the limbs and
trunk, with the incidence reported to be approximately one
in 6000-10 000 live births.! SMA is classified into five
groups; type 1 (Werdnig-Hoffman disease; severe form),
type 2 (Dubowitz disease; intermediate form), type 3 (Ku-
gelberg—Welander disease; mild form), type 4 (adult form)
and type 0 (prenatal).!™

The gene responsible for SMA is the survival motor neu-
ron (SMN), which exists as two highly homologous copies
within the SMA gene region on chromosome 5q11.2-13.3,

Neurology and Clinical Neuroscience (2014) 1-9
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a deficiency of the SMN protein.*® SMNI and SMN2 are
nearly identical, with the only difference being a single
nucleotide change in the coding region, which shows that
nucleotide +6 of exon 7 in SMNI is C and that of SMN2
is T.

Although SMNI and SMN2 encode the same protein
because of a synonymous nucleotide change, SMN2 does
not fully compensate for the loss or dysfunction of SMNI.
As the C to T change in SMN2 at nucleotide position +6 in
exon 7 induces exon skipping, SMNI and SMN2 show dif-
ferent splicing patterns.”® All SMNI-derived transcripts
contain exon 7 and produce full-length SMN (FL-SMN),
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whereas the majority of SMN2-derived transcripts lack
exon 7 (A7-SMN).

Phenotypic variations in SMA are inversely correlated
with SMN2 copy number, and a higher SMN2 copy number
ameliorates the clinical phenotype."”'® SMN2 might com-
pensate for the loss of SMNI by modifying disease severity
through production of a small amount of full-length SMN
protein. Thus, treatment strategies for SMA have focused
on increased production of the SMN protein from SMN2.

Valproic acid (VPA) is a histone deacetylase (HDAC)
inhibitor as well as an anticonvulsant used for treatment of
epileptic patients, as it increases SMN levels in SMA
patients through activation of SMN2 transcription and
splicing correction of SMN2 exon 7.'V'2 Its effects as a ther-
apeutic agent of SMA are expected.”” ™ In the present
study, we evaluated the efficacy of VPA in SMA patients.

Methods

The present study was carried out from January 2012 to
March 2013.Seven consecutive Japanese SMA patients were
recruited, of whom six were type 2 and one was type 3. The
- type 2 patients were as follows: case A, 34-year-old man;
case B, 33-year-old woman; case C, 23-year-old man;
case D, 30-year-old woman; case E, 2 years and 10-month-
old girl; and case G, 15-year-old girl, whereas the type 3
patient was a 42-year-old man denoted as case F.

None of the participants possessed the SMNI gene, and
had three copies of SMN2 and the neuronal apoptosis
inhibitory protein. All except for cases B and E used non-
invasive ventilation at night. The demographic features of
the patients are summarized in Table 1. All patients under-
went physiotherapy, such as range of motion exercises of
the extremities and respiration, before, during and after the
study. The frequency and contents of physiotherapy differed
among the patients, and were dependent on their situation
including hospitalization, outpatient status and other fac-
tors.

VPA was given daily for 6 months to reach trough levels
of 50-100 mg/dL, a dosing level typical of that used in epi-
lepsy patients. L-carnitine was also given. We evaluated

T Saito et al.

using the Modified Hammersmith Functional Motor Scale
for SMA (MHFMS),?! and also examined respiratory func-
tion and carried out SMN transcript analysis using quantita-
tive real-time polymerase chain reaction (qRT-PCR)
measurements with peripheral white blood cell samples®
obtained from the patients before and 1, 3 and 6 months
after starting VPA treatment. Blood samples were obtained
from all patients in the daytime after fasting.

For SMN transcript analysis, we measured total-SMN,
FL-SMN and A7-SMN transcript levels using qRT-PCR,
with the latter two quantitated from the levels of the prod-
ucts encompassing SMN exons 7 and 8, and exons 5, 6 and
8, respectively. We used glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) as an endogenous reference gene, and
the levels of SMN are expressed relative to those of GAP-
DH* The detailed methods utilized for qRT-PCR have
been described.”> We also evaluated the ratio of FL-SMN
to A7-SMN transcript (FL/A7-SMN). For respiratory func-
tion, we assessed vital capacity (VC), maximum insufflation
capacity (MIC) and cough peak flow (CPF).>?* In addition,
we also checked subjective symptoms, side-effects and body-
weight changes in each patient.

Statistical analysis. anova with Tukey’s or a Games—
Howell post-hoc test were used to evaluate the differences in
SMN transcript levels for each evaluation time. Statistical
significance was accepted at P < 0.05.

Ethics. Written informed consent (for adults), or parental
consent and assent (for children) were obtained for all par-
ticipants. The study protocol was approved by the local eth-
ical committees of Toneyama National Hospital and the
University of Kobe.

Results

VPA and L-carnitine administration. Table 2 shows
the dose of VPA administered and VPA concentration in
each patient. Case A was eliminated before the 1-month
evaluation because of sleepiness induced by VPA and dis-
comfort caused by L-carnitine. Cases B-E and G completed

Table 1 Demographic features of patients with spinal muscular atrophy

SMN2
Age SMN1 SMN1 copy
Case Sex (years) Type exon7 exon8 number NAIP Respiratory status Scoliosis Motor function
A Male 34 2 Delete Delete 3 (+) Night NPPV (++) Assisted sitting
B Female 33 2 Delete Delete 3 (+) Voluntary (+) Assisted sitting
C Male 23 2 Delete Delete 3 (+) Night NPPV (+++) Assisted sitting
D Female 30 2 Delete Delete 3 (+) Night NPPV + 02 (++++) Assisted sitting
inhalation in daytime
E Female 2 years 2 Delete Delete 3 (+) Voluntary +) Assisted sitting
10 months
F Male 42 3 Delete Delete 3 (+) Night NPPV (+/-) Sitting
G Female 15 2 Delete Delete 3 (+) Night NPPV (+)Spinal Assisted sitting
) surgery
NAIP, neuronal apoptosis inhibitory protein; NPPV, non-invasive positive pressure ventilation.
2 Neurology and Clinical Neuroscience (2014) 1-9
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Table 2 Results obtained from each patient. Dose of valproic acid, valproic acid concentration, score for Modified Hammersmith Functional Motor Scale for SMA, respiratory function, tran-
scription amount of SMN and change in body weight.

Time VPA VPA
period  administration  concentration VC MIC CPF Body weight

Case (months) (mg) (ng/mL) MHFMS  (mL) {(mL) (L/min) FL-SMN A7-SMIN FL/A7-SMIN Total -SMN (kg)
A Pre 0 965 - 115 0.51 (+0.06) 1.77 (£0.13) 0.28 (£0.02) 1.19 {(£0.37)
B Pre 4 840 960 140 0.56 (+0.02) 1.12 (£0.19) 0.50 (+0.07)* 1.02 (£0.03) 31.4

1 400 50 4 1000 810 95 0.80 (+0.05) 0.68 (£0.03) 1.17 (£0.03)* 5.47 (£2.11)

3 400 45 5 850 1000 165 0.86 (+0.35) 0.92 (+0.39) 0.95 (+0.14) 3.27 (+£1.33)

6 400 42 5 810 1060 130 1.08 (£0.13) 0.58 (+£0.26) 2.05 (£0.57) 1.61 (+0.13) 33.4
C Pre 0 380 630 85 0.39 (+£0.03) 2.02 (+0.47) 0.20 (+0.04) 2.82 (£0.67) 16

1 200 39 0 400 600 90 0.49 (£0.09) 1.37 (+0.24) 0.36 (+0.07) 4,78 (+0.09)* **

3 400 62 0 430 580 95 0.51 (+£0.17) 1.16 (+0.76) 0.78 (+0.80) 2.96 (£0.34)*

6 400 75 0 500 710 100 0.45 (+0.24) 1.26 (+0.25) 0.39 (£0.27) 3.09 (£0.15)** 17.5
D Pre 0 380 440 75 0.60 (+0.40) 0.83 (£0.13) 0.73 (+£0.14) 3.61 (£0.19)* ** 19

1 200 35 0 350 550 80 0.67 (+£0.24) 1.13 (£0.13) 0.60 (0.24) 2.96 (£1.27)

3 200 34 0 350 610 85 0.61 (£0.004) 1.14 (£0.69) 0.77 {+0.61) 2.51 (£0.10)*

6 400 70 0 370 750 90 1.07 (£0.35) 1.09 (£0.18) 0.98 (+£0.33) 2.25 (+£0.11)%* 20
E Pre 11 410 - - 0.83 (£0.02)* ** 1.25 (+0.05)* 0.67 (£0.03)* 2.59 (+0.21)* 10

1 25 13 11 400 - - 1.04 (£0.004) * 1.12 (£0.17) 0.95 (+0.16) 3.18 (£0.18)**

3 75 25 1" 250 - - 1.16 (£0.08)** 1.31 (40.05)** 0.88 (£0.03)* 4.27 (£1.00)%**

6 100 34 18 410 - - 0.57 (£0.13) 0.99 {£0.06)* **  0.568 (£0.15) 0.68 (£0.35) * #* #ik 1
F Pre 10 3950 - 400 0.31 (£0.06) 0.25 (+£0.08)* 1.29 (£0.19) 1.01 (£0.03) 76

1 200 18 10 4200 - 400 1.02 (£0.07) 1.18 (£0.21)* 0.88 (+0.10) 1.37 (£0.39)

3 400 26 9 4290 - 420 1.64 (+£0.91) 1.37 (+0.55) 1.15 (£0.25) 1.24 (£0.43) 79
G Pre 1 400 1570 95 0.62 (+0.16) 1.13 (£0.16) 0,565 (+0.02) 1.12 (£0.11)* 19

1 200 47 1 410 1440 95 0.66 (+0.15) 1.09 (+£0.17) 0.60 (+0.08) 1.31 (£0.32)

3 400 50 1 410 1350 105 0.57 (£0.13) 1.44 (£ 0.10) 0.40 (+ 0.10) 0.73 (£0.01)*

6 400 43 1 420 1200 95 0.76 (+0.01) 1.65 {+0.78) 0.53 (£0.21) 1.77 (£0.02)* ** 18

All data for SMN transcription are expressed as the mean (£SD).
*oioidk P < 0,05, Tukey's or a Games—Howell post-hoc test was used to evaluate the differences in each level of SMN transcript or ratio of FL/A7-SMNin each patient.

CPF, cough peak flow; MIC, maximum insufflation capacity; VC, vital capacity.
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the 6-month study, whereas case F was eliminated after
3 months because of chronic cholecystitis (no evident rela-
tionship to VPA trial).

VPA was started at 25-200 mg/day and gradually
increased, with a final dosage in cases B, C, D and G of
400 mg/day, and 100 mg/day in case E, while the dose in
case F at 3 months was 400 mg/day. VPA concentration
reached an optimal range after 3 months in case C, and
6 months in case D. In cases B and G, the transient moder-
ate VPA concentration was decreased under the optimal
range at 6 months. In cases E and F, VPA concentration
was at less than the optimal range during the study. Serum
levels of VPA concentration in each patient are summarized
in Table 2.

In cases A and B, L-carnitine was administered at 300 mg
throughout the study. In case C, after starting L-carnitine at
300 mg, the dosage was decreased to 100 mg from the sec-
ond week because of abdominal discomfort, and then
increased to 200 mg from week 6. In case D, L-carnitine
was started at100 mg and increased to 200 mg in week 5,
then decreased to 100 mg in week 6 because of discomfort.
In cases E and G, L-carnitine was administered at 100 mg
throughout the study. In case F, L-carnitine was started at
100 mg and increased to 200 mg in week 5.

MHFMS, respiratory function and SMN
transcript. Table 2 shows sequential changes in scores for
MHFMS, respiratory function and transcription amount of
SMN for each patient. Furthermore, Table 3 presents a
summary of changes in MHFMS score, and rates of change
in respiratory function and FL-SMN transcription from pre-
treatment to 6 months after beginning VPA administration
in each case (3 months in case F).

MHFMS for cases C, D and G did not change during the
dosage period (cases C and D: 0 points, case G: 1 point).
MHFMS in case B was 4 points in a pretreatment evalua-
tion and 5 points at 6 months later, while that in case F
was 10 points at pretreatment and 9 points at 3 months.
MHFMS in case E was 11 points at the pretreatment evalu-
ation and increased to 18 points at 6 months. Case E gained
motor function to turn from side to side.

There was a great number of improved respiratory func-
tion items even in cases with a- VPA blood level lower than
optimal, all of which were cases with progression. VC
increased in cases C, F and G, while MIC increased in
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cases B, C and D, but decreased in case G, and CPF
increased in cases C, D and F.

The transcription amount of FL-SMN generally showed
an increasing tendency, whereas that of A7-SMN and total-
SMN, and the ratio of FL/A7-SMN showed no consistent
tendency in accordance with VPA administration in the
patients. In some cases, the difference in level of SMN tran-
script or ratio of FL/A7-SMN was significant.

VPA concentration, MHFMS, respiratory function
and transcription amount of FL-SMN in each
case. Case B: VPA blood level after 6 months administra-
tion was lower than an optimal level. However, MIC
increased and the FL-SMN transcription product quantity
showed an increasing tendency.

Case C: VPA blood level was within an optimal level,
whereas VC, MIC and CPF increased, and the quantity of
the FL-SMN transcription product showed an increasing
tendency.

Case D: VPA blood level was within an optimal level,
whereas MIC and CPF increased. The quantity of the FL-
SMN transcription product showed an increasing tendency.

Case E: MHFMS score was dramatically improved, as
described earlier. However, VPA blood level at 6 months
after administration was lower than optimal, and the quan-
tity of the FL-SMN transcription product showed a decreas-
ing tendency.

Case F: Although VPA blood level was lower than an
optimal level and MHFMS worsened, VC and CPF
increased, and the quantity of the FL-SMN transcription
product showed an increasing tendency.

Case G: VPA blood level was lower than an optimal level
and MIC decreased. There was no change in MHFMS,
However, VC increased and the quantity of the FL-SMN
transcription product showed an increasing tendency.

Subjective symptoms, side-effects and changes
in bodyweight. Case A: Malaise, sleepiness and a pre-
cordial sense of incongruity.

Case B: Condition immutability and sleepiness.

Case C: Condition immutability and a precordial sense of
incongruity.

Case D: Difficulty with fatigue and a precordial sense of
incongruity.

Case E: Parents think that tremors have decreased.

Table 3 Summary of data obtained for each patient at end of administration of Valproic acid (6 months, 3 months for Case F). Valproic acid con-
centration, changes in Modified Hammersmith Functional Motor Scale for SMA, respiratory function and transcription amount of FL-SMN.

Case VPA concentration MHFMS vC MIC CPF FL-SMN

B Below 1 -3.6 104 =71 Increasing tendency

C Optimal 0 31.6 12.7 17.6 Increasing tendency

D Optimal 0 —2.6 70.5 20 Increasing tendency

E Below 7 0 - - Decreasing tendency
F Below -1 8.6 - 5 Increasing tendency

G Below 0 5 -23.6 0 Increasing tendency

Data shown represent changes in score of Modified Hammersmith Functional Motor Scale for SMA (MHFMS), rate of change (%) in respiratory
function from pretreatment to 6 months after administration of valproic acid (VPA) (3 months in case F).
CPF, cough peak flow; MIC, maximum insufflation capacity; VC, vital capacity.
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