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Figure 3. Intronic: deletion analysis.of Clen/ (%) Structure of Clen!
deletion mumn ts.: Deletion series of the Clenl minigene were generated
by PCR-mediated mutagenesis. FL cortesponds to the full-length: Clen/
minigene covering exons 6.7 and is'the same construct'as that used in
Figures 1 and:2: The positions of nucleotides at the termini of exons
and:the junction of deleted regions:are indicated: (B). Splicing: analysis
of Clent deletion: mutants in COS-7: cells:: Cellular-spliciiip assays were
performed using defetion mutants /Al A9 and MBNL1 Lanes "Viand
‘M’ indicate the co-expression: of each 'deletion minigene. with empty
vector and  MBNL 1 respectively Splicing 'patterns Were detected by
RT-PCR. as'm Figure 1B,

define the responsive region; we tested another minigene,
6-TAA a3’ deletion of the 6-7A fragment contaming only
30t from the 3" part of exon 7A. This fragment was still
responsive fo. MBNL1 (Figure 4B). Finally, we tested a
minigene derived from 7A-7 that had exon 7 as well as the
preceding 52 nt Teplaced by the corrésponding region
of exon 7A (Fisure 4C). This minigene; 7TA/(—52)TA:
exhibited increased unspliced products: upon MBNLI
expression.  suggesiing that the substituted  fragment
could mediate the response to MBNL1 in a heterologous
context (Figure 4C). These results suggest the involvement
of a 5 portion of exon 7A (30 nt). as well as its upstream
52-nt région in the MBNL [-mediated-splicing regulation,
at Jeast in the context of the truncated minigenes.

A region around the 3’ splice site of exon 7A mediates
the splicing regulation of MBINL1

To further analyze the regions critical for exon 7A
splicing. we generated heterologous minigenes in which
the exon of interest was inserted in the context of consti-
tutive exons of mouse tropomyosin 2. (Tpm2}, a gene
distinet from: Clenl: Clenl fragments covering 414-720
or 451-720. or a reference fragment covering TpmZ exon

9 and its flanking intronic regions, were inserted into
a Tpm2 fragment covering exons 1 to 2 (Figure 3A).
MBNLI! repressed Clenl exon 7A inclusion of the
heterologous minigenes, demonstrating that the inserted
fragments of Clenl were sufficient for response to
MBNLI1 (Figure 5B). In contrast, MBNLI showed little
effect on the inclusion of Tpm2 exon 9 (Figure 5B). Next
we made an additional chimeric minigene derived from the
451 720 minigene by replacing a region derived from
intron 7A with a sequence:derived from Tpm.2 intron 9
(int6-ex7A-nt9: Figure 5A). Although int6-ex7A-int9
was  still tesponsive to MBNLI. another minigene
with a further replacement of exon 7A with Tpmi2 exon
9 (int6-ex9-int9) exhibited only a slight response 1o
MBNL1 (Figure 5C). Thus, the exon 7A sequence was
essential for regulation by MBNLI1 Furthermore. a
minigene with. an’ intermediate replacement, 7A(30)-
ex9(40). in which the first: 3¢nt of the exon and its
upstream intronic region were derived from Clenl, was
responsive to MBNLI (Figure 5C). These results suggest
that a region covering a 3’ portion of intron 6. as well as
the first 30 nt of exon 7. can mediate splicing regulation by
MBNLI - This ‘is.. consistent with the results of the
truncated minigenes displayed in Figure 4.

We also tested several minigenes to identify the region
of Clenl! vespousive to CELF4. Interestingly, CELF4 did
not increase. the exon.7A inclusion of the 414-720 con-
struct, which was responsive to MBNLI (Figure 5B and
D). However, minigenes covering 89 720 and 181-720.
but not 414-1050; increased the inclusion of exon 7A
upon: CELF4 overexpression. (Figure 5D and data not
shown). Therefore, an element resporisive to CELF4 was
located in the region of 181-413, which was distinct from
the regions responsive to MBNLIL identified previously
Lastly. we tested the A4 mutant that lacks the putative
responsive region for CELF4 (Figure 3A). CELF4 did
ot promote:exon 74 inciusion - of ‘A4 (Figure SEY: Thus,
181-413 was essential for the: regulation of ‘exon TA

by CELF4,

MBNE] binds directly to the franscript of the Clenld
minigene

We next: examined 'whether MBNLI1 associites - with
transeripts: of  Clen/ in cells. 'In a ribonucleoprotein
immunoprecipitation (RIP) - analysis: (42), intracellular
RNA-protein complexes were reversibly  fixed: -with
paraformaldehyde  and - then  co-immunoprecipitated.
Fixation allowed for stringent washing of immunopre-
cipitates to exclude post-lysis association between RINA
and proteins. We utilized - a Neuro2a cell line stably
expressing EGFEP-fused MBNLIL This'cell line exhibited
a Jower basal niclusion of exon 7A of endogenous Clenl
compared  to . normal Neuro2a cells (Supplementary
Figure S5). EGFP-MBNLI1 was precipitated by beads
pretreated with anti-=GEP antibody or rabbit 1gG. RNA
fragments derived from specific regions -of endogenous
Clenl in - the precipitates were detected by quantitative
PCR: The ‘Association of Clen/ intron 6 and EGEP-
MBNL1 was detected only when immunoprecipitated by
anti-GFP antibody (Figure 6A. left). Importantly, this
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Figure 4. Involvement of exon 7A sequence in splicing regulation by MBNL1 (A) Response of truncated Clenf minigenes o MBNLI i dependent
on exon 7A. Structures of 6-7A, A-7 and 6-7 deleton mutams are indicited m the upper feft. Splicing analysis o1 these mutants shows both spliced
and unspliced products as indicated. The bar chart shows the quantified ratio of spliced products. (B) Deletion in the 3° region of exon 7A did not
abolish the response to MBNLI The structure of the 6-7AA mutant is shown (left). Splicing products of 6-7AA and quantification are shown as in
(A). (€) Splicing regulation of the 7A/(—52)7A minigene. 7A/—32)7A was made from 7A-7 by replacing exon 7 and its upstreams 32nt with the
corresponding region of exon 7A {left). Splicing of 7A(—32)7A was responsive to MBNL] (right). Lanes 'V’ and "M’ indicate co-transfection with
the empty vector aud MBNLIL respectively. Bars represent the ratio of spliced bands. Statistical analysis was performed by (wo-tailed /-test in
£ <0.05 from three independent experiments.
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comparisont with the empty vector

lower affinity for Clen1(GAA). a mutant RNA in which
the first 12nt of exon 7A were substituted by a (GAA),
repeat (Figure 6C). Therefore. the sequence at the 5" end
of exon 7A contributes to the binding of MBNL|

associalion was specific because intron 6 was highly
enriched compared to other Clenl regions (Figure 6A.
right).

In the resuits described previously, a region around
the boundary of intron 6 and exon 7A was suggested (o
lay an important role in the response to MBNLI - - . o !
?Figures 4 and 5C). Previously. it rivas reported that The 5" end of exon.7A. contains an ESE
MBNLI prefers mismatch-containing double-stranded
structures (22.44.45). It is interesting that a region
around the 3° splice site of exon 7A (corresponding (o (Figures 4B and 5C). We noticed that this region
473-518) was predicted Lo form a hairpin structure by contained a YGCUU/GQ)Y motif (Y C or U:
Mfold  (http: ‘www bioinfo.rpi.edu/applications/ mfold; Figure 7A). which has been reported as a binding consen-
Figure 6B: 46). We examined whether MBNLI can sus sequence for MBNLI (24). A mutant minigene con-
bind to this fragment. Clenl(473-318). by gel shift taining a mulation of this motif (but otherwise the same as
analysis. GST-fused MBNLI. but not GST alone. bound the full-length minigene) was examined in a splicing assay
to the Clenl fragment in a dose-dependent manner (Mut I. Figure 7A). Mutl was fully responsive to MBNL]
(Figure 6C). GST-MBNLI exhibited an apparently as well as to CELF4 (Figure 7B). Thus. this motif itself

Region 451-5333 of Clenl consistently accounted for
the responsiveness to MBNLI in muliiple contexts
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Figure 5. Exon 7A: splicing regulation in heterologous minigenes. (A} Structure of ithe Tpm2-based  heterologous minigene. Fragments of .Tpm2
covering exons | to: 2 were inserted downstream of EGEP. Test exons together with their flanking regions were nserted: into! introw’ L-of Tpm2:
Intronic fragments derived from Clen/ are indicated by thick lines. whereas those derived from’ Tpm2 (regions flanking exon 9} are indicated by thin
lines. Exonic sequences of Clenlexon 7A and 7pm2 exon 9 are indicated by grey and white boxes, respectively. (B) Splicing assay results using Tpm2-
based heterologous minigenes m COS=7 cells. Upper bands correspond. to the spliced products containing an exon imserted between Tpm2 exon 1 and
2"V and TM U indicate empty vector and MBNLL respectively. Conipared with Tpm2 ex9, ClenJ-derived: 414720 and 451 720 minigenes exhibited
gvident- responses -tol MBNLT . Bar chart shows quantified results: of the splicing assay (n:3): (€) Sphcing regulation of heterologous minigenes
containing a: portion of Clenl intron 6. Results of the splicing assay are shown as i B. The Structures of iminigenes: are shown. in A,
(D} Determination of the Clen/ region respotisible for: CELF4-mediated exon 7A inclusion. Tpm2-based heterologous minigenes covering a Clenl
region indicated by the numbers were tested Tor their responsiveness to CELF4 (C4): The splicing assay was performed as in B, except that CELF4
was used in place of MBNLI. In the case of 181 720. CELF4 expression induced a significant iicrease compared: to control (£ < .05, 4 =3, two-
tailed r-testy (E) Splicing analysis of ithe A4 mutant minigene and CELF4: The structure of A4 15 described in'Figure 3A: Splicing analysis results are
shown as in: Do CELF4: did not-significantly-alter: the sphicing of A4 (P = 0.97. p= 3, two-tailed 1-test).

was dispensable for the response to MBNLI in exon 7A region.: we first examined 4 minigene lacking the first
splicing. : Isnt of exon TA (Mut 2. Figuie 7A). Unexpectedly. this

The preceding analyses: suggested: that the 5 end of deletion resulted in the complete exclusion of exon 7A;
exon /A is:involved in: the responsiveness to: MBNL] even “without  MBNLI -overexpression  (Figure 7B}
(Figures 4B and 5C). To characterize the role of this mdicating the presence of an ESE in this region that is
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Figure 6. MBNL assotiates with: Clen s RNAL (&) The imtracellular association between EGEPLM BML by and the transenpt of endogeous Clonf
was analyzed: by RIP. The cell lysate of a cell Iine stably expressing’ EGFP-MBNLI was used for immunoprecipitation.. The RNA fraction 'do-
precipitated with anti-GEP antibody or [eG was reverse-transcribed, The amount of €l {pre-ymRNA was ‘quantificd by real-time quantitaiive
PCReuusmig a-primer set for the indicdted regions of the Clen/ gene i = 5). Bars reprosent the amount of Vel RNA co-precipitated with anti-GFP
antibody: o control: fgGonormalized - by the . amount of the | Clonl. RNAin" the mput ) fraction’ tmean £ SY. Lefty EGEPIMBNLT g
co-immunoprecipitated | with. RNA fragments contaimng. Clonk: intron . 6 by GFP antibod bt not control 1eGC P < 0.0). two-tailed “ritest).

Right RIP ‘analy

of multiple: Clon/ regions. ‘Three regions of Clenl (intron 6. intron 12 and 3-UTR) were amphified from immunoprecipitates

of the GFP antibody. Intron 6 was significantly more enriched than the other regions ¢ P <001, ANOVA and Tukey's testy. (B} A hairpin straciure
predicted inthe putative MBNLI-responsive region of Cléil. Nucleotides 473 518 of €linl are indichted in Boldiace (upper). Predicted secondary
structure of the fragment €len (473 518) dower): (€) Binding between: GST-MBNLT and Clenia7a 518} of its mutanis was examined by zel shift
analvsis (lefU). 7"P-habeled probes were mcubated with or without GST-MBNLT (0:225, 0045, 0.9, LEuM) or GST (18 pM)y: The redction mixture was
separated by native PAGE and visualized by autoradiography. Structure of probes used iny: gel shift analysis (right). T the Clenl(GAA] mutant. the
first 12 ut of exon 74 are Substituted by (GAA): répeits: The Clen{a504¢) mutant contains a point mutation: of the first nucleotide of exon 74 hut is

otherwise: the same as Clen HA73518):

essential for the basal mclusion of exon 74 We further
tested 6-nt.deletions in either the 5 or 3’ parts of the 15:nt
region: (Mut 3 and Mut 4. Figure 7C). Only Mut 3
exhibited complete “exon 7A skipping like Mut 2
(Figure 7C). Divect comparison of the sequences of Mut
3 and Mutl 4 showed that 5Snuclestides differed between
these mutants (Figure 7D upper). We then introduced
substitutions of these: nuclesctides into the full-length
minigene (Mut 32 and Mut Sh. Figure 7D). Both Mut
54 and 5bexbited reduced basal inclusion of exon JA.
withra stronger effect from Mut Sa (Figore 7D). Finally,

we tested fwo point mutants; a504c and t512g, to define
the region of the ESE. Whereas the t512g mutation had no
effect on the basal:splicing of exon ZA7 mutant 2504c
totally disrupted the inclusion of exon 74 (Figure 7D}
Because Mut 5b (c511a and t512g). but not t512g alone;
showed a reduction in exon 74 inclusion. muration ¢517a
should be critical for exon 7A mclusion. GST-MBNI]
bound to an RNA containing the u504¢ mutation with a
lower affinity compared to Clenl(473-518) (Figure 6C).
suggesting that the strong repressive effect of 2504c wag
due te the direct disruption of the ESE rather than 4
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Figure 7. Analysis of the 5" region of exon 7A in the (Yen/ minigene. {A) Sequence of nt 451 333 of the (Jen/ minigene that corresponds to a ¥
portion of intron & and 4 3 portion of exon 7A. Substituted nucleotides in Mut 1 are shown in boldface. The first 15nt of exon 7A wete deleted in
Mut 2. (B) Splicing assays results for Mut | and Mut 2 minigenes in COS-7 cells. Mut 2 exhibited a complete loss of exon 7A inclusion. () Effects of
deletions in the 5 zegion of Clenl exon 7A on basal-splicing cfficiency. Deleted regions in Mut 2. Mut 3 and Mut 4 arc indicaled (upper). Splicing
assay results of Mut 2:3/4/minigenes transfected into COS-7 cells are shown (fower). WT- wild type. (D) Point mutations at the 5’ end of exon 7A
disrupted the basal inclusion of exon 74. Alignment of part of Mut3 and Mutd sequences: (upper). Different nucleotides between Mut 3 and Mut 4
are indicated by boldface and underlined text. Point mutations that partly mimic the difference. between Mut 3 and Mut 4 were introduced in the
Mut Sa. Mui Sh. a504c and (512g mutants, as indicated by boldfuce and underlined text (middle). Splicing assay results of the mutant minigenes in

COS-7 cells (lower).

hypersensitivity to. MBNLL Thus, we concluded that the
&t at the 5 end of exon 7A. 504511, contamn an ESE
essential for the basal inclusion of exon 7A:

DISCUSSION

CLCNI Clenl splicing is a key eventin DM Although the
misregulations of splicing has been well established as a
charactetistic “abnormality of - DM, few misregulated
genes have a clear causal relationship to symptoms of
DM, Clenl misregulation can account for myotonia in
DM model mice (38.47.48). As demonstrated recently.
the skipping of exon 7A induced by AON reversed the
myotonic phenotype of DM ‘model mice (38), making
CLCNI splicing ‘a promising target - for therapeutic
approaches.  Understanding  Clenl'CLCNI  splicing
would aid in the design of rational strategiés for correcting
CLECNI ‘expression o perhaps prevent myotonia. In
addition, the identification of molecular pathways caus-
ative of Clenl missplicing is important for the evaluation
or interpretation of DM model mice. Besides the afore-
mentioned model mice, myotonic phenotypes are observed
inseveral: other: mouse models (49-:32). It is unclear
whether the loss of MBNL function can explain all of
these ‘myotonic mice (51 In these contexts, a Clen!
minigene should: be useful for identifying and charac-
terizing the factors that modulate the splicing pattern of
Clenl  Indeed. we have identified multiple: determinants

for the regulation of exon 7A splicing using a Clen/
minigene and its derivatives.

MBNL proteins regulate Clenl exon TA

Previous genetic studies have indicated the involvement of
MBNL proteins in the regulation of Clenl splicing. The
loss ot either Mbull or Mbul2 can catuse myotonia in mice;
whereds ‘overexpression of Mbnllirescues the myotonic
phenotype in HSA™® mice (13.23,37). However. these
studies. have not excluded the .indirect involvement of
MBNL proteins such that they regulate muscle differenti
atiori or maintenance; which in turn alters the activity of
other splicing factors to result in altered Clenl splicing.
Indeed. exon 7A of Clenl is regulated through muscle
development and is preferentially: included in nconatal
muscle but:not i adult: muscle (16,47). Here, we have
demonstrated that the splicing rvegulation of Clenr/ exon
7A by MBNLI was observed in COS-7; HeLa and
NeuroZA cell lines (Figures | and 2 and Supplementary
Figure S2). Thus. the regulation of exon 7A can be deter-
mined directly by the expression level of MBNL proteins;
eveni without the context of muscle cells. The inclusion of
exon 7A was repressed by the overexpression of MBNL
proteins but increased by their knockdown (Figures ||
and 2). In addition: MBNLIT associated: with the pre-
mRNA of Clenil in the cell (Figure 6A), and direct
binding between MBNLI and an RNA fragment of
Clenl was verified in vitro (Figure 6C). These resultsiare




consistent with the model that MBNL proteins direc-
tly regulate CLCNI/Clenl and that the loss of
MBNL function leads to CLCNI/Cleni misregulation in
DM.

Differential effects of CELE proteins on Clen/ splicing

In contrast to MBNL proteins, CELF3/4/5/6 promoted
increased inclusion of exon 7A of mouse Clenl
(Figure 1B). Among these CELF proteins, CELF4 is
expressed in a wide variety of tissues, including muscle
(26.43). Although mice deficient in Celf4 have been
reported to manifest a complex seizure phenotype (53).
the physiological- function of CELF4 is largely unclear
Although an-elevation of CUG-BP and ETR-3 proteins
was observed in DM patients, the other CELF proteins
have not been well characterized. The expression level,
intracellular localization; and activity. of. CELF4 (and
CELF3,5/6) should” be investigated i the  context of
DM Although Clen] is enriched in muscle, it 1s expressed
m other tissues icluding brain even at a low levei (data
not shown). Because some CELF proteins dre enriched in
the brain (43} they might play a role .in keeping: Clenl
expression at a low level in the brain or possibly other
tissues  through = a® splicing-mediated regulation of
expression.

In-contrast, CUG-BP and: ETR-3did not directly
change the ratio of exon 7A 'inclusion in our mouse
Clenl minigene (Figures 1B and 2C). This was unexpected
because the inclusion of exon 7A has been reporied to be
increased in CUG-BP transgeni¢ mice (33): Tt is possible
that the regulation of exon 7A by CUG-BP is dependent
o some specific cellular conditions dnd/or the genomic
context of Clen/ that 1s missed in the minigene. Alterna-
tively, the transgenic mouse might mvolve indirect or
secondary effectsiof long-term CHGBP oven.xpxessmn
Nevertheless; our fesulis 'might be conipatible with 4 role
of CUG-BP or ETR-3 m the misrcgulation of mouse
Clent:as the overexpression of these proteins could
reduce spliced Clenl products and increase intron reten-
tion {Figure L) It should be noted. however: that both
CUG-BP und EER-3 increase neither the inclusion of
exon  7A nor ithe unsphiced: product in the human
CLCNT mimgene in our preliminary results (Kino el al-
unpublished  data). The determinants of the difference
between . human  and ‘mouse. minigenes dare curiently
under mvestigation. Our resulis also revealed a functional
heterogeneity among CELF proteins: The Clen] minigene
would allow us to determine the cause of the difference’in
the effects of CELF proteins on exon 7A inclusion.

Multiple factors invelved in the regulation of Clen?

exon 74 splicing

To clarify the regulatory mechamsm of exon 7A splicing,
we analyzed a series of Clen] mutant minigenes. We found
that the regulation of exon 7A by MBNL1; as well as their
binding, was al least partly mediated by the sequence
of exon: 74 1tself. Furthermore, the: MBNL-responsive
regions were mapped: roughly 1o a boundary region of
exon 7A and its flanking intronic sequence, or 451 533
In the previous examples; MBNL1 regulated +its target
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exons through intronic sequences of ¢TNT, TNNT3, and
SERCAI (24.45.54). In contrast, neither intron 6 nor 7A
of Clenl was sufficient for response to MBNLI
{Figures 4A and 5C). Our results suggest that not only
intronic but also exonic sequences should be considered
for analyses such as genome-wide identification of the
MBNL splicing targets.

We found an ESE located at the 5 end of exon 7A
(504-511) that was essential for the basal inclusion of
exon 7A (Figure 7). The nucleotide sequence of this ESE
1s completely conserved in human CLCN/ In general,
ESEs are important motifs for both constitutive and alter-
native splicing and are bound by SR proteins that enhance
the recognition of an exon and promote splicing (55.36).
The ESEfinder algorithin (hitp:;/rulaiicshl.edu/tools:
ESE,, 57) predicted that the candidate region overlaps
with potential recognition sites for multiple SR proteins
{data not shown). However, the prediction pattern went
unchanged even when a critical mutation {a504c) was
miroduced: Interestingly. the ESE in the § end of exon
7A overlaps with the region targeted by the AON effective
against myolonia in mouse models (38). Hybridization of
the AON may prevent the functioning of not only the
polypyrimidine (PY} tract and 3 splice site bul also the
ESE; leading to efficient exon 7A skipping.

Previously. we: hdve suggested double-stranded RNA
with  mismalches: as. putative. MBNLI-binding targets
(22). which was" supported by recent analvses dlrecdv
demonstrating that stem-loop structures with a pyr imidine
mismatch are binding sequences of MBNL and mediate
its splicing regulation (44.45). In contrast, YGCCU(U/G)Y
molifs have been reported as binding sites for MBNL |
m ¢INT and SERCAT (24,54). In the case of ¢TNT
however. the YGCU(U/G)Y motifs were later shown 1o
be part of a stem-loop structure (44). Here. we found a
stem-loop structure in the junctional region  between
intron 6 and -exon 7A -as a candidite vegion for
MBNL t-binding. }ndeed, this fragment could bind with
recombinant MBNL [ (Fisure GC} Furthermore, substitu-
tions that alter this hairpin region impaired the respon-
siveness o MBNLI (Figures 4A, 5C. Supplementary
Figure 3) ‘and the binding of RNA' o MBNLI
{Figure 6C}. Interestingly.  this - hairpin - region overlaps
with' splicing signals. such as the PY tract, 3 splice site
and the ESE described previously Tn particalari the ESE
overlaps - with an. RNA: region essential  for efficient
binding to MBNLI1 (Figures 6C and 7). Therefore. one
possible explanation  of how MBNLI ‘acts on exon 7A
splicing is that MBNLY binds to the hairpin structure
and inhibits® the “access’ of splicing  factors (o these
splicing signals. like the AON described previously. The
Ck:ni(G’v%) mutant - exhibited : residual bmdmg o
MBNL1 (Figure 6C). This might be explained by the
presence of a YGCU(U/GYY motif i intron 6.

Lastly. the region of Clen} that mediates the effect of
CELF4 was located withiin 181-413 (Figure 3D and E}.
which was. not necessary for the regulation by MBNLI
{Tigure 3} Therefore, antagonistic regulation by MBNLI
and CELF4 is mediated by distinct regions of the minigene.
This is similar to the case of ¢7NT exon 5. which is
regulated by CUG-BB and MBNLI' through distinct
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Figure 8. Model of mouse Clenl splicing regulation by multiple [uctors.
Cis- and trans-acting factors involved in the splicing regulation of Clen!
exon 7A are depicted. MBNLI represses exon 7A inclusion through a
region containing the 5 region of exon 7A as well as its flanking
intronic sequence: An- exonic splicing enhancer (ESE} is located at
the 5" end of exon 7A. An antisense oligonucleotide (AON) previously
reported (383, as well as MBNL}, might act in part through inhibiting
this ESE. The facilitation of exon 7A inclusion by CELF4 is mediated
by a region located in imtron 6. Expanded CUG/CCUG repeat RNA
may deplete MBNL proteins, resulting in the facilitation of exon 7A
inclusion:

binding motifs (24). Because the A4 mutant exhibited a
higher basal-inclusion of exon “7A (Figure 3E), the
deleted region (181413} may contain® an ‘element. that
represses exon TA ' inclusion: Perhaps CELF4 mightantag-
oniize this repressive element. which might explain how the
effect of CELF4 was lost in the case of the A4 mutant.

Our current model for Clen/ regulation is depicted in
Figure 8. Alternative sphcing of exon 7A can be regulated
by MBNL and by certain CELF proteins, sach as CELF4.
Expanded CUG/CCUG repeats may deplete MBNL and
decrease the probability of binding between MBNL and
the pre-mRNA of Clenl The ESE located at the ' end
of exon 7A and the flanking splicing signals might be
common - largets of MBNLand -the previous AON
Taken together, our results: reveal novel regulatory
properties of MBNL and CELF proteins and provide a
molecular basis for the mechanism of splicing regulation
of  Clenl, which might underlie rational therapeutic
strategies targeting myotonia in DM.
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Polyalanine tracts directly induce the release of cytochrome c,
independently of the mitochondrial permeability transition

pore, leading to apoptosis
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In recent years, several novel types of disorder caused by the expansion of triplet repeats in specific
genes have been characterized; in the “polyalanine diseases”, these expanded repeats result in pro-
teins with aberrantly elongated polyalanine tracts. In this study, we fused expanded polyalanine
tracts to yellow fluorescent protein to examine their pliysical interaction with mitochondria. Tracts
containing more than 23 alanine repeats were found to physically associate with mitochondria,
strongly suggesting that an interaction between polyalanine tracts and mitochondria is a contributing
factor in the pathology of polyalanine diseases. Furthermore, in in vitro experiments, polyalanine
tractsinduced release of cytochrome cfrom mitochondria and caspase<3 activation, independently
of the mitochondrial permeability transition pore. These results suggest that oligomerized poly-
alanine tracts might induce the rupture of the mitochondrial membrane, the subsequent release
of cytochrome ¢, and apoptosis. This novel mechanism for polyalanine tract cytotoxicity might
be common to the pathogenesis of all polyalanine diseases. Further investigation of this mechanism

might aid the development of therapies for these diseases.

Introduction

The expansion of trinucleotide repeats encoding poly-
alanine tracts has been recently shown to cause nine
human diseases (Amiel et al. 2004; Brown & Brown
2004). The presence of protein aggregates in the affected
tissues 1s a characteristic feature of these polyalanine
diseases (Albrecht etal. 2004; Nasrallah er al. 2004), and
the length of the polyalanine repeat correlates with the
severity of the phenotype. For example, in oculopharyn-
geal muscular dystrophy (OPMD), an adult-onset disorder
characterized by progressive eyelid drooping; swallowing
difficulties, and proximal limb weakness, there isan abnor-
mal expansion of the N terminal polyalanine tract of the
PABPNI protein; producing an autosomal dominant
phenotype (Brais ef al. 1998): In patients with OPMD; the
polyalanine tract contains 12-17 alanine repeats; whereas in
normal individuals, it contains only 10 repeats. In affected
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skeletal muscle, intranuclear aggregations are observed,
and cell death is induced through an unknown mechanism.

In a previous study (Toriumi ef al. 2008), we exarnined
the effect of expanded polyalanine tracts fused with yellow
fluorescent protein (YEP) on cultured cell lines. Cells
expressing the YFP-fused expanded polyalanine tracts
exhibited cytotoxicity and aggregate formation like that
seen in polyalanine diseases. We speculated that the poly-
alanine tract itself possesses properties that bring about
cell death by a mechanism common to the polyalanine
diseases. We also found that polyalanine tracts are asso-
ciated with mitochondria and that expression of poly-
alanine tracts decreases the mitochondrial membrane
(MM) potential, a step considered key in the initial apop-
totic process (Crompton 1999). In response to an apoptotic
signal, mitochondria decrease their membrane potential,
which increases the permeability of their outer membranes
and allows the release of various apoptogenic factors that
normally reside in the intermembrane space of these
organelles. Among these factors is cytochrome ¢ an
important component of the mitochondrial respiratory

Genes to Cells (2009) 14, :751<757
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chain. Once released into the cytosol, cytochrome c acti-
vates caspase-9, which in turn activates caspase-3 and
caspase-7. These activated caspases kill the cell by. pro-
teolysis, leading to biochemical and morphological
features characteristic of apoptosis (Li et al. 1997). The
release of cytochrome ¢ has been widely believed to be
mediated by the opening of mitochondrial permeability
transition (PT) pores; these pores include the voltage-
dependent anion channel (VDAC), the adenine nucle-
otide translocator (ANT), and cyclophilin D (Tsujimoto
& Shimizu 2007). Opening of the PT pore is strictly
regulated by proteins of the Bcl-2 family. Bax, one of
these proteins, physically interacts with VDAC in the
outer MM, leading to opening of the PT pore and
induction of cytochrome c release. Conversely; the anti-
apoptotic factors Bel-2 and Bcl-xL induce PT pore closing
and the blocking of cytochrome c release through their
association with VDAC (Shimizu ef al: 1999, 2000a):

In the present study, we show that binding of polyalanine
tracts to mitochondria induces the release of cytochrome
¢ into the cytoplasm, independently of the PT pore and
the subsequent activation of caspase-3. Our results suggest
a novel mechanism by which polyalanine tracts bring
about cytotoxicity through the apoptotic process. The
investigation of this mechanism may provide insights into
the pathogenesis of, and possible therapeutic strategies
for, polyalanine diseases.

Results

Long polyalanine tracts physically associate with
mitochondria

In a previous:study, we detected polyalanine tracts in a
mitochondrial fraction, suggesting that polyalanine tracts
associate with mitochondria (Toriumi ef al. 2008). To
confirm this association in vifro, we performed a
mitochondrial-binding assay using isolated mouse liver
mitochondria. The mitochondria were incubated with
GST or GST-Ala29 purified from Escherichia coli and then
collected by discontinuous sucrose gradient centrifugation.
Immunoblot analysis with an anti-GST antibody mdicated
that GST-Ala29, but not GST; was tightly associated
with the recovered mitochondrial pellet (Fig. 1A).
Next, to determine the length of the polyalanine tract
necessary. for this observed association with mitochon-
dria; we isolated mitochondria from COS-7 cells express-
ing YEP or YEP fused with polyalanine tracts of various
lengths. Immunoblot results indicated that tracts with more
than 23 alanine repeats strongly bound to the mitochondria
(Fig. 1B}, implying that a tract with 20 alanine repeats,
which is lengthy enough to initiate polyalanine ‘disease;

Genes to Cells (2009).:14,.751=757

A GST GST-A29
Input  Floating Input Floating
Mitochondria .= - - o -
COX IV
B
Polyalanine repeats 0 7 10 156 23 29
YFP
Mitochondria
ffffff COX IV
Whole Lysate YFP

Figure 1 Long polyalanine tracts directly  associate with mito-
chondria. (A) The in vifro mitochondrial-binding assay. Isolated
mouse liver mitochondria were incubated with GST or GST-Ala29
and: collected by floating using discontinuous sucrose gradient
centrifugation. Input represents the mixtute of mitochondria with
GST or GST-Ala29 before floating. (B} YFP-polyalanine is phys-
ically associated with mitochondria in vive. Immunoblot analysis
of mitochondria isolated from COS-7 cells expressing YFP or a
YFP-polyalanine fusion suggests an association between long poly-
alanine tracts and mitochondria. The mitochondrial content was
quantified with anti-COX IV antibodies.

is the threshold length necessary for association with
mitochondria:

Expression of a long polyalanine tract induces
cytochrome c release from mitochondria

In our previous study, we showed that the expression of
polyalanine tracts decreases the MM potential, suggesting
that an initial step of apoptosis is mediated by the mito-
chondria. We hypothesized that by directly binding to
the mitochondria, polyalanine tracts induce the release of
apoptogenic mitochondrial factors leading to an activa-
tion of an apoptotic cascade. Here, we evaluated this
hypothesis by quantifying the amount of cytochrome cin
the cytosol of COS-7 cells expressing YFP, YFP-Ala29,
or YEP-Ala70 (Fig. 2). Staurosporine, an inducer of
apoptosis, was used as a positive control. We found that the
amount of cytosolic cytochrome cincreased as the length
of the expressed polyalanine tracts increased, suggesting
that apoptosis induced-by expression of polyalanine tracts
is. mediated by the mitochondria.

©:2009 The Authors
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Figure 2 Expression of a long' polyalanine: tract induces mito-
chondrial release of cytochrome ¢ into the cytoplasm. (A) Release
of cytochrome ¢ from the mitochondria of COS-7 cells expressing
YFP, YFP-Ala29, or YFP-Ala70 into the cytoplasin was detected
by immunoblot analysis ‘using anti~cytochrome ¢ antibody. The
apoptosis inducer staurosporine (1 [UM) was used as'a positive con=
trol. (B) Band intensities from four independent experiments are

shown as means & SEM. Data were analyzed using ANOVA and post hoc

Tukey's tests. *P < 0.05, compared with cells expressing YFP.

Polyalanine tracts directly induce release of
cytochrome ¢

Next, we examined the more direct effects of abnormally
expanded polyalanine tracts on the release of cytochrome
cusing an in vitro cytochrome c-release assay. Mitochon-
dria 1solated from mouse liver were incubated in the
absence or presence of GST or GST-Ala29 (2 UM), and the
organelles were centrifuged: The supernatant fractions
were then analyzed for their cytochrome ¢ content by
immunoblotting (Fig: 3A), which demonstrated that incu=
bation of the mitochondria with GST-Ala29 resulted in
a significant release of cytochrome ¢ to the cytoplasm.

©:2009 The Authors

Polyalanine induces cytochrome c release

CaCl, was used as a positive control because Ca** is a
known permeabilizer and PT pore opener.

To determine the concentration of GST-Ala29 required
to trigger release of cytochrome ¢, GST or GST-Ala29 at
various concentrations were added to isolated mitochon-
dria, and the release of cytochrome ¢ was determined. In
these experiments, GST-Ala29 at concentrations of at least
1.5 UM brought about the release of cytochrome ¢ (Fig. 3B),
whereas GST at coricentrations of up to 8.0 UM did not
(data not shown). Additionally, when GST-A1a29 was
present at 4.0 or 8.0 UM, COX IV was detected in the
supernatant fraction after centrifugation. Since COX IV
normally localizes to the inner MM, this result suggests
that, at high concentrations, the polyalanine tract ruptured
the MM, leading to the release of cytochrome .

Polyalanine tracts induce cytochrome ¢ release,
independently of the PT pore

Although' regulatory. release of cytochrome ¢ has been
reported to occur through the PT pore, the GST-Ala29-
induced release of cytochrome ¢ seen in our study was
probably not a result of regulatory opening of the PT
pore; rather, it probably leaked through a rupture in the
outer MM To explore this possibility; we performed the
in vitro cytochrome: c-release assay in the presence of an
inhibitor of PT pore opening. As the inhibitor, we used
the conserved N-terminal homology domain (BH4) of
Bel-xL (amino acids 4-23), which inhibits VDAC activity
in liposomes and isolated mitochondria (Shimizu ef al.
2000b), thereby inhibiting cytochrome ¢ release and loss
of the MM potential. Although addition of the PT pore
mbhibitor prevented the release of cytochrome cnormally
caused by calcium overload, it did not prevent the GST-
Ala29-induced ‘release - of cytochrome ¢ (Fig.'4). This
result is consistent with the proposal that polyalanine
tracts disrupt the MM, allowing release of ¢ytochrome ¢
mnto the cytoplasm.

Expression of polyalanine tracts activates caspase-3

Release of cytochrome ¢ into the cytoplasm has been
reported to activate a-sequential apoptotic cascade. To
confirm that the polyalanine-induced release of cyto-
chrome ¢ leads to apoptosis, we examined caspase-3
activity, which is known to rise at the point in the cascade
immediately downstream of cytochrome crelease. Forty-
eight hours after transfection of COS-7 cells with
plasmids expressing YEP, YFP-Ala29; or YFP-Ala70; we
assessed caspase-3 activity by measuring cleavage of
Ac-Asp-Glu-Val-Asp-MCA, a specific peptide substrate
of caspase-3. The caspase-3 activity in cells expressing
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Figure 3 Polyalanine tracts directly induce the release of cytochrome ¢ in vitro. Isolated mouse liver mitochondria were incubated in the
absence or presence of GST or GST-Ala29 and then centrifuged at 1600 X g for 15 min. Cytochrome ¢ in the resulting supernatant frac-
tions was detected by immunoblotting. (A) Mitochondria were incubated in the absence or presence of 2 UM GST or GST-Ala29. CaCl,
(500 LM was used as a positive control. (B) Mitochondria were incubated in the presence of varying concentrations of GST-Ala29.
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Figure 4 Polyalanine  tracts induce cytochrome. ¢ release . in-
dependent of the PT pore. The in vitro cytochrome c-release assay was
performed in the presence of BH4 peptides, which inhibit induc-
tion. of the PT pore. Mitochondria were incubated with BH4
peptides (20 [ig/mL) for 15 min priot to the addition of polyalanine
tracts. CaCl, (500 M) was used as a positive control.

YFP-polyalanine fusion proteins increased in a polyalanine-
length-dependent manner and was greater than that in
cells expressing YFP alone (Fig. 5), suggesting that the
apoptosis induced by expression of polyalanine tracts is
mediated by the mitochondria.

Discussion

In this study, we found that polyalanine tracts containing
more than 29 alanine repeats physically interact with
mitochondria (Fig. 1). Since the onset of almost all poly-
alanine diseases results from an expansion of polyalanine
tracts to more than 20 alanine repeats (Amiel ef al. 2004;
Brown & Brown 2004), these data strongly suggest that
the interaction of polyalanine tracts with mitochondria
is related to the pathology of polyalanine diseases. In fact,
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Figure 5 Expression of polyalanine tracts activates caspase-3. Ac-
Asp-Glu-Val-Asp-MCA, 'a- specific caspase-3 peptide substrate,
was used to measure caspase-3 activity 48:h after transfection of
COS-7 cells with plasmids expressing YFP or a YFP=polyalanine
fusion protein. Data shown are means £ SEM. *P < 0.05; com=
pared with cells: expressing YFP. Data were analyzed by ANOVA
and post=hoc - Tukey’s tests:

in affected skeletal muscle of OPMD patients, the mito-
chondria have an abnormal morphology (Gambellief al.
2004): In this regard, we are aware of the relationship
between optic atrophy induced by mitochondrial
deficiency and eyelid drooping, which is 2 major pheno-
type of OPMD, one of the polyalanine diseases.

In a previous study of cell lysates from COS-7 cells
transfected with YFP—polyalanine constructs (Oma et al.
2007), immunoblotting showed that the constructs with
more than 23 alanine repeats were retained in the stack-
ing gel after native PAGE, suggesting that they formed

©'2009 The Authors
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oligomers. After SDS-PAGE, however, only the construct
with 70 repeats was retained in the stacking gel; those con-
structs with 23 to 35 alanine repeats were not retained.
These results suggest that moderately long polyalanine tracts
(2335 repeats) might form SDS-sensitive oligomers in
the cell. In short, our study shows that the oligomerization
of polyalanine tracts is sufficient to induce their cytotoxicity.

Since we were able to detect an association between
polyalanine tracts and mitochondria in vitro in the absence
of a cytosolic factor for mitochondrial impott, such as
MSF or Hsp70 (Hachiya et al. 1994; Komiya et al. 1996),
we conclude that the polyalanine tracts were: probably
bound directly to the outer MM. Furthermore; we found
that the arnourit of polyalanine tract detected in-associ-
ation with the ‘mitochondria decreased gradually with a
high~pH wash (data not shown), consistent with their
binding to the outer MM.

Next, using an in vitio cytochrome c-release assay, we
found that polyalanine tracts at concentrations greater
than 1.5 UM directly induced the release of cytochrome
¢. This release was not blocked by BH4 peptides, suggest-
ing that the release was not mediated by the PT pore
(Figs 3 and 4). The addition of polyalanirie tiacts at. 4.0
or 8.0 UM also promoted an efflux of COX IV, which is
normally localized to the inner MM. These results suggest
that polyalanine tracts cause the MM to rupture, leading
to the release of cytochrome ¢. This possibility is also sup-
ported by the observation that the amounit of cytochromie ¢
released from mitochondria was independent of the poly-
alanme tract concentration in an “all-or-none’” fashion,
and the release occurred in the absence of other apoptotic
signals, such as Ca™". In the affected cells, oligomerization
causes a Jocal increase in the polyalanine tract concentra-
tion. When these tracts attack mitochondria, they may in
turn induce MM rupture, leading to cytochrome crelease.

Polyalanine

(Monomer) Oligomer

2 o2
s P

3

Polyalanine induces cytochrome c release

We demonstrated the release of cytochrome cand the
activation of caspase-3 in COS-7 cells expressing YFP-
A70 (Figs 2 and 5). These findings were consistent with
a report that expression of PABPN1 containing a poly-
alanine tract long enough to cause OPMD induced the
release of cytochrome ¢, followed by apoptosis (Davies ef al.
2008). In addition, polyalanine tracts have been reported
to form a B-sheet and then to activate an apoptotic path-
way via caspase-8 (Giri ef al. 2003). Thus, the cytotoxicity
induced by polyalanine tracts might be related to apop-
totic cell death, However, YFP-A29 didn’t induce the
release of cytochrome ¢ and the activation of caspase-3
{Figs 2 and 5) although it can induce its release in in vitro
experiment (Fig. 3). We think the inconsistency might be
produced by the expression level of YFP=A29 in €OS-7
cells. Since it is unlikely that the concentration of YFP-
‘Ala29 ity cells is'the same as used in i vifro experiment,
YFP-A29 couldnt induce the release of cyctochrome ¢
from mitochondria and subsequent activation of caspase-3.
However, it is possible that the local concentration
increased due to. the oligomerizing property of YFP-
A29, so that the increasing tendencies were observed in
YFP-A29 expressing cells in Figs 2 and 5. We think that
increase in local concentration of polyalanine stretch is
important to attack mitochondria. If we consider this
idea as a pharmacological target; we can suggest some
potentially effective therapeutics against polyalanine
diseases. In fact, some reagent, inhibitors of oligomeriza-
tion such as trehalose and geldanamycine, have been
reported to be effective against polyalanine disease model
(Albrecht ef al. 2004; Davies ¢ al. 2006

In conclusion, we propose a novel mechanism by which
the polyalanine tracts cause apoptosis (Fig. 6). This mech-
anism for polyalanine tract cytotoxicity might be common
to the pathogenesis of all polyalanine diseases. These findings

Apoptosis
Apoptogenic
factor
o] i -l T
OO f'

Figure 6 A model scheme for polyalanine tract cytotoxicity induced by mitochondrial dysfunction. Expanded polyalanine tracts
oligomerize and then associate with the outer MM. This association induces rupture of the MM, leading to the release of apoptogenic
factors such as cytochrome ¢ and then to apoptosis: Loss of MM integrity might result in mitochondrial dysfunction: Some drugs known to
prevent this cascade might be useful in treatment of polyalanine diseases,
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in this report point to the mitochondria as good therapeu-
tic targets for polyalanine diseases. We hope that these
findings will benefit patients suffering from these diseases.

Experimental procedures
Construction of polyalanine-repeat sequences

Polyalanine repeat sequences [(Ala-)n] were synthesized by annealing
of double-stranded oligonucleotides. These sequences were inserted
into the EcoRV site of the pBlueScript KS{-) vector (TaKaRa),
and the resulting constructs were digested with BamHI and Apal.
The excised repeat sequences were then inserted into the Bglll and
Apal sites of the pEYFP-C1 vector (Clontech) to allow the expres-
sion of the alanine repeats fused to the C-terminus of YFP: The
resulting: constructs’ were named: YFP-Ala(n) according to the
number of alanine repeats: (n):

For in vitro assays of cytochrome crelease; we prepared a construct
encoding an (Ala)y, tract fused to. the glutathione-S-transferase
(GST) protein. This construct, GST-Ala29, was prepared by excision
of the (Ala),y sequence from YFP-Ala29 by digestion ‘with. Xhol
and BamHI and insertion of the fragment into the Xhol-BamHI
site of pGEX 4T-2 (Amersham Bioscience), a vector for expression
of GSTHusion proteins in' Escherichia coli.

Isclation of mitochondrial and cytosolic fractions

Transfected COS-7 cells were washed twice with ice-cold phos-
phate-buffered ‘saline’ and ‘scraped : into' mitochondrial buffer
[200mM Tris-=HCL  pH 7.2, 250 mM sucrose, 2 mM EGTA,
40- mM KCl; 1 mg/mL bovine serum albumin (BSA)J containing
1 mM phenylmethylsulfonyl fluoride (PMSF)-and 1 ::1000 pro-
tease inhibitor cocktail (Sigma). The cells were fractured on ice
using a 27-gauge needle. Unlysed cells, large debris; and nuclei
were, rentoved by centrifugation at low speed (50 Xg; 10 min,
4.°C). The supérnatant fraction was: centrifuged at 1000 X g
(10 min, 4 °C), and' the resulting supernatant fraction was
removed and centrifuged at 20 000 X g (10 min, 4 °C) to obtain
the cytosolic fraction.

To purify mitochondria; the 1000 X g pellet was resuspended
in mitochondrial buffer containing protease inhibitors, layered over
a discontinuous 1.0/1.5 M sucrose gradient, and separated (“floated”)
by centrifugation at 100 000 X ¢ in a swinging-bucket rotor (2 I,
4:°C). The hazy ring corresponding to the mitochondrial fraction
was recovered ' carefully fromn  the interface between the two
sucrose solutions, diluted 1:2 in a buffer consisting of 20 mM
Tris=HCI, pH 7.2, 2 mM EGTA, 40 mM KCI, and 1 mg/mL
BSA, and centrifuged at 20 000 X g (20 min)." The resulting
pellet was resuspended in mitochondrial buffer containing pro-
tease inhibitors and washed twice by centrifugation (6800 X g for
5 min followed by 3800 x gfor 5 min). The identity and purity of.
the mitochondrial fraction were determined by Western blot anal-
ysis using various cellular markers. Mitochondria were identified
with antibodies against the nucleusencoded ‘cytochrome ¢ oxidase
subunit IV (COX 1V; BD Biosciences); the cytosolic fraction was
identified with antibodies against O-tubulin (Sigma).

Genes to Cells: (2009). 14, :751=757

Isolation of mitochondria from mouse liver

Mice were fasted overnight, and their liver mitochondria were
isolated by the method of Hogeboom (Hogeboom 1955) using a
medium containing 0.25 M sucrose, 10 mM Tris—=HCl, pH 7.4,
and 0.1 mM EDTA. EDTA was omitted in the final wash, and the
mitochondrial preparation was suspended in 0.25 M sucrose con-
taining 10 mM Tris—-HCl, pH 7.4.

Preparation of GST-fusion proteins

Escherichia coli- cells were transformed with pGEX 4T-2 or the
GST-Ala29-encoding plasmid construct and grown to an OD600
of 1.0. Expression was then induced by the addition of 0.1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG), and the cells were
grown at 27. °C for 1 h. After centrifiigation of the cells (1600 X g,
15 min), the pellet was placed on ice and resuspended in lysis
buffer (50 mM Tris—HCI, pH 8.0, 50 mM NaCl, I mM EDTA)
containing 1 mM PMSF and 1:1000 protease inhibitor cocktail.
The cells were fractured by sonication, and Triton X-100 was
added to a final concentration of 1%. The resulting lysates were
chilled on ice for 30 min and clarified by centrifugation (16 000 X g,
15:min). The supernatant fractions were incubated for 2 h at 4 °C
with ‘glutathione-Sepharose beads (Amersham' Bioscience) that
had been washed three times and resuspended in lysis buffer con-
taining’ 1% Triton X-100.

Mitochondrial binding assay

Purified GST: or GST-Ala29 (0.8 uM) were added to isolated
mouse liver mitochondria: (1 pg/pL) in: binding buffer (20 mM
HEPES, pH 6.8, 250 mM :sucrose;: 150 mM: potassium  acetate,
5 mM magnesium acetate); and the mixture. was incubated at
room temperature for 10 min. After centrifugation (1600 X g,
10 minyj, the pellet containing mitochondria was washed with
biding buffer and resuspended in 50 {LL of binding buffer. The
mitochondrial suspension was added to 350 LLL of 2.5 M sucrose
buffer 20 mM HEPES, pH 6.8, 2.5 M sucrose, 150 mM potassium
acetate,' 5 mM:magnesium acetate), and then layered under 2
discontinuous 1.0/1.5 M sucrose gradient. The mitochondria were
floated” by centrifugation: at: 100.000 X g in-a swinging-bucket
rotor (2.h, 4 °C). The hazy ring between the two sucrose solutions
was recovered, diluted 1:2 in binding buffer, and centrifuged- at
16 000 x'g: for 20 min: The resulting pellet was resuspended in
binding: buffer and washed by centrifugation at 16 000 x'g for
10 mm. GST-Ala29 protein associated: with mitochondria, was
detected by Western blot analysis using anti-GST antibody. Mito-
chondria were identified with antibodies against: the  nucleus-
encoded COX IV protein.

In vitro cytochrome c-release assay

To determine the effect of polyalanine tracts on the release of cyto-

“:chrome ¢, isclated mouse liver mitochondria (0.6 [ig/UL) were

incubated ini the presence or absence of GST or GST-Ala29. (various
concentrations) for 30 min at 30 °Clina KCl-based medium

© 2009 The Authors
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(125 mM KCl, 15 mM HEPES, pH 7.4, 0.5 mM EGTA, 4 mM
MgCl,, 5mM Na,HPO,) containing glutamate and malate
(1 mM each) as respiratory substrates. At the end of the incubation
period, the mitochondrial suspensions were centrifuged at 1600 X g
for 15 min. The supernatant fractions were removed and mixed
with 5x SDS sample buffer, and the mitochondrial pellets were
resuspended in 1X SDS sample buffer. Samples were boiled for
5 min and electrophoresed on a 12.5% SDS-polyacrylamide gel.
The separated proteins were transferred to nitrocellulose and immu-
noblotted with antibodies specific for cytochrome ¢ or COX 1V.
For assays of cytochrome ¢ release in the presence of PT pore
inhibitor, the mitochondria were incubated with BH4 peptides
(20 yug/mL, Calbiochem), which inhibit induction of the PT
pore, for 15 min at 30 °C before polyalanine tracts were added.

Measurement of caspase-3 activity

COS-7 cells were transiently transfected with plasmids encoding
YFP, YFP~Ala29, or YFP-Ala70, and the cells were harvested 48 h
after transfection. The harvested cells were dissolved in extraction
buffer (50 mM Tris—HCI, pH 7.5, 10 mM 2-mercaptoethanol,
1 mM EDTA) and subjected to three freeze-thaw rounds consisting
of 60 s in liquid nitrogen followed by 90 s in a 30 °C water bath.
The samples were centrifuged at 10 000 X g for 5 min, and the
total protein (7.5 ig) in the supernatant fraction was dissolved
in 200 pL of assay buffer (25 mM Tris-HCl, pH 7.5, 10 mM 2-
mercaptoethanol, T mM EDTA). The fluorescent caspase-3 sub-
strate Ac-Asp-Glu-Val-Asp-MCA (Peptide Institute) was added to
a final concentration of 5 1M, and the mixtures were incubated at
37 °C for 30 min. The reactions were stopped by the addition of
100 UL of 10% SDS and 1 'ml of 0.1 M sodium acetate; and the
fluorescence: was measured with a JASCO FP-777 fluorescence
spectrometer with excitation at 380 nm and emission at 460 nm.
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Many human proteins contain amino acid repeats that
can form homopolymeric “amino acid’ (HPAA) tracts.
HPAA tract proteins that contain polyalanine sequences
promote diseases, including oculopharyngeal muscular
dystrophy. The pathological properties of these proteins
develop when the repeafs match or exceed ~20
residues. We analyzed the oligomerization of yellow flu-
orescent protein: (YFP) and GST. fusion: proteins con-
taining’ >20 . alanine repeats by using sucrose density
gradient. centrifugation.’ YFP ‘and GST fusion proteins
having 23 polyalanine residues sedimented readily in su-
crose density gradients, suggesting instability and oligo-
merization of 'proteins  with an excess of 20 alanine
repeats. Moreover, GST fusion proteins were resistant to
trypsin digestion after oligomerization. Oligomerized arti-
ficial proteins with long polyalanine repeats may be suita-
ble models for. studying polyalanine-related  diseases.
© 2009 Wiley-Liss, Inc.

Key words: polyalanine - diseases; = oligometization:
sucrose density centrifugation; trypsin digestion

Many human ‘proteins contain consecutive amino
acids known as homopolymeric amino acid (HPAA)
tracts. HPAA tracts are found m transcription factors and
DNA binding protems (Alba and Guigo, 2004). Some
diseases are known to be caused by proteins containing
HPAA expanded repeats of glutamine (Gln) and alanine
(Ala). Specifically, many polyalanine diseases are pre-
dominant hereditary disorders; and nime distinet diseases
have been identified (Albrecht and Mundlos, 2005).
Eight genes responsible for these nine polyalanine-related
diseases are transcription factors; whereas poly-(A) bind-
ing protein nucleus 1 (PABPNI), which 15 the gene
responsible for oculopharyngeal muscular dystrophy
(OPMD); 1s 1ot a transcription factor. PABPN1 controls
the length of the poly-A tail in mRNA and; with it
expanded polyalanine tracts, forms aggregates within the
nucleus of skeletal muscle fibers in OPMD patients and
in ‘cultured cell and ‘mouse models of OPMD (Becher
et-aly, 2000; Shanmugam: et al., 2000). In other:cell cul-
ture . models © of ' polyalanine  diseases, aggregates  aré
formed within the nuclei and cytoplasm (Albreche et al;
2004), and it is thought that transcription is affected by

<+ 2009 Wiley-Liss, Inc.

the expanded alanine repeats in the abnormal protein.
Furthermore, -intracellular aggregates and nuclear frag-
mentation were observed in cells expressing green fluo-
tescent protein (GFP) fused to a polyalanine repeat pep-
tide (Rankin etal., 2000; Oma et al;, 2004).

Polyalanine - peptides containing 15<20 residues
form B-sheets in vitro (Shinchuk et al., 2005), especially
in strongly alkaline medium (pH > 10). Two polyala-
nine peptides containing - either 11 or 17 residues
remarkably enhanced B-sheet content and formed fibrils
(Giri et al, 2007). Aggregation ~ of proteins with
expanded polyglutamine repeats is accompanied by tran-
sition of a-helices to B-sheets, suggesting that aggrega-
tion of proteins’ in’ polyalanine diseases has a conmon
molecular mechanism. However, the fundamental mech-
anism of aggregation resulting from expanded polyala-
nine repeats is unknown:

We previously showed that transfection of COS-7
cells with yellow fluorescent protein (YFP)-polyalanine
constructs (Ala23 to Ala35) results in YEP localization in
cytosol (Oma et al,, 2007). In native gels, purified GST-
fusion  proteins, especially GST-Ala29 to GST-Ala35
products, were retained in the upper part of the running
gel, whereas GST-Ala7 to GST-Ala23 products niigrated
into the running gel (Oma et al., 2007). The minimum
pathological length of polyalanine proteins is assumed to
be ~20 residues, but conformational changes caused by
expanded polyalanine lengths differ in fusion proteins.
Therefore, we investigated oligomer formation: of fusion
proteins containing greater than 20 polyalanine repeats
using a sucrose density gradient (Dehay and Bertolotti,
2006).. .Moreover, because -aggregation in the nuéletis
and cytoplasm may be caused not only by dystunction of
protein degradation systems, such as the ubiquitin-
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proteasome system (Abu-Baker et al., 2003), but also by
resistance of the oligomerized proteins to degradation,
we investigated resistance of the oligomerized GST
fusion proteins to trypsin digestion.

MATERIALS AND METHODS

Constructs

Polyalanine repeat sequences were synthesized by
annealing double-strand oligonucleotides. that were inserted
into the EcoRV site of a pBlueScript KS(-) vector (TaKaRa,
Shiga, Japan). The construct was digested with EcoRI,
blunted with T4 polymerase (TaKaRa) to adjust the frame for
polyalanine, and ligated with T4 ligase (TaKaRa). The repeat
was inserted into the Bglll and Apal sites of a pEYFP-C1
vector (Clontech. Logan, UT) to allow expression of the ala-
nine repeats fused to YEP. GST-Ala7, -Alal5, -~Ala23, ~Ala30,
and ~Ala35 constructs were prepared; alanine repeat sequences
were obtained by digestion: of the YFP-Ala7; -Alal5; -Ala23,
and -Ala35 coiistructs -with® Xhol and BamHI and were
inserted into the same sites of pGEX 4T-2 (Amersham Bio-
science, ‘Arlington Heights, IL), a vector expressing GST in
Escherichia coli.

Preparation of GST-Fusion Proteins

A pGEX: vector containing each: polyalanine insertion
was - transformed  into: the . BL21: (DE3) strain. An-‘overnight
culture: of each transformant in Luria broth (LB) medium was
diluted and agitated at 37°C for: I hr {or'until the optical den=
sity teached 0:4-0.6), and:then 0.1 mM-isopropyl B-D-1=
thiogalactopyranoside (IPTG) was: added. During induction by
IPTG, the culture was agitated at 25°C for 3 hr. The bacterial
cells: were collected: by centrifugation; suspended in ' 1/20. LB
mediun: volume of sonication buffer containing 50 mM Tris-
HCL (pH 7.5). 50: mM NaCl, I mM EDTA, 1 miM: dithio=
threitol  (DTT). 0.2  mM  phenylmethylsulfonyl - fluoride
(PMSFE); and 171,000 volume ' of protease inhibitor cocktail
{Sigma, St. Louis; MO); and sonicated on ‘ice 10 tinies for 10
sec each. Triton: X-100 was added to a fmal concentration of
1%, and the suspension was incubated on'ice for 30 min. The
lysate was subjected to affinity: purification with ‘glutathione
Sepharose 4B (Amersham Bioscience) according to the manu-
facturer’s protocol.

Native PAGE Assay

GST tusion proteins ‘were cluted from Sepharose beads
with buffer containing 50 mM . Tris-HCL (pH 7.5). 30 mM
glutathione, and 50 mM NaClL After elution, GST fusion
proteins were dialyzed againse PBS. Protein concentration was
determined by the Lowry method using the DC protein assay
kit (Bio-Rad; Hercules; CA). Oligomerization. of GST-Ala23
in: PBS occurred during incubation at 37°C for 24 hr. Native
PAGE was performed without SDS or reducing agents. The
protein: was stained with Coomassie: brilliant blue.

Sucrose Density Gradient Sedimentation

COS-7 cells. were transiently transfected with the YEP-
Ala7, =Alal5; -Ala23; and: -Ala35 plasmids. After transfection
for 48 hr. the cells were harvested in PBS containing 1 mM
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DTT, 0.2 mM PMSEF, and /1,000 volume of protease inhib-
itor cocktail and then sonicated on ice for 15 sec, and the
lysate was centrifuged. The supernatant fraction containing the
cleared lysate was loaded intermittenty (600 pl. per applica-
tion) onto a 9.0-ml sucrose density gradient (0.1-1.5 M) and
centrifuged for 17 hr at 250,000¢ at 4°C using a P40ST rotor
(Hitachi) and a2 CP70MX (Hitachi) ultracentrifuge. Thirteen
fractions of ~800 pl were collected in each gradient from top
(fraction 1) to bottom (fraction 13), and, after acetone con-
centration, they were. analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), followed by
immunoblotting for YFP. YFP was quantified by calculating
it as a percentage of the total amount of protein loaded on
the gradient. As markers for the density centrifugation, bovine
serum albumin (66 kDa), B-amylase (200 kDa), and ferritin
(440 kDa) were used, and the proteins were stained with
Coomassie brilliant blue. After elution. from the Sepharose
beads, dialysis in. PBS, and incubation: at 37°C. for. 24 hr,
GST-Ala7. -Alal5; ~Ala23; and -Ala35 were ultracentrifuged.
Imnunoblots were performed with a GST ‘antibody.

Degradation of GST-Fusion Proteins With Trypsin

The GST-fusion: proteins . were incubated: with ‘trypsin
(Sigma) .at: 37°C in. buffer: containing 2 mM CaCl, at an
enzyme-to-substrate ratic of 1:40. (w/w). Digestions were ter-
minated by the addition of SDS sample buffer. The degrée of
proteolysis - was - determined by SDS-PAGE, . followed: by
immunoblotting -with an  anti-GST antibody: ' In " this' assay,
GST-Ala23 was incubated at 377C for 1. week. Without ace-
tone concentration, GST-Ala35 was fractionated by centrifu-
gation for 7 hr at 252.000¢ at 4°C with a TLS55 rotor
(Beckman Coulter) ‘and an’ Optima TLX (Beckman Coulter).
GST-Ala35 was loaded intermittenty (120"l per application)
onto a 1.8l sucrose density gradient (0.1=1:5 M}; Thirteen
fractions of: ~160 pl vach were collected in cach ‘gradient
from top: {fraction 1) to bottom: (fraction 13).. Fractions 713
of GST~Ala35 were treated with trypsin.

RESULTS

Polyalanine Expansion Causes Oligomerization
of YEP Fusion Protein in COS-7 Cells

We previously reported that YFP-fused elongated
polyalanine stretches (323 residues) were localized in
cytosol (Oma et al., 2007). This localizaton may be
caused by oligomerization of the YFP-fused elongated
polyalanine stretches. To analyze this oligomerization
further, total cell lysates of COS-7 cells expressing YFP-
A7, “Al15, “A23, and “A35 constructs were fractionated
on sucrose gradients (Fig. 1), YEP-A7 and ~Al15 were
recovered from light fractions [=5; in contrast; the ratio
of fractions 1-4 to the total was 38%, and that of YEP-
A35 was 22%. Therefore, we conclude that YFPofused
proteims containing >20 polyalanine residues facilitate
oligomerization in COS=7 cells

GS8T-Polyalanine Fractionation

Previously. we showed length-dependent differen-
ces between polyalanine-containing proteins on native-
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PAGE by using purified GST-fusion proteins (GST-Ala7
to - GST-Ala35). GST-Ala29 to GST-Ala35 products
were retained in the upper part of the gel, whereas
GST-Al7 to GST-Ali23 products migrated into  the
running gel (Oma et al., 2007). We further investigated
this difference by using sucrose density gradients. GST-
Ala7, GST-Alal5, and GST-Ala23 were purified by
using  glutathione-Sepharose and subjected  to  sucrose
density centrifugation: In contrast to GST-Ala35, these
proteins sedimented in fractions 2-6 (Fig. 2). GST-
Ala35 formed a huge complex just after purification, and
the molecular species appeared to be hetérogeneous.

Change in GST-Ala23 Conformation After
Incubation at 37°C

The pathological length threshold of polyalanine
tracts is thought to be about 20 residues. Cellular local=
ization of polyalanine-containing proteins and oligomeri-
zation ‘also. changes at ~20 residues.- However. in vitro

oligomerization of GST-Ala occurs at a threshold of
~30 alanine residues (Oma et al., 2007). Therefore, we
investigated  changes in' oligomerization  of  GST-fusion
polyalanine-containing proteins containing ~20 residues.
After dialysis against PBS, each protein was incubated at
37°C for 24 hr. All proteins migrated to their expected
apparent molecular masses on SDS-polyacrylamide gels.
However, by native PAGE; most GST-Al23 protein
that was incubated at 37°C for 24 hr was retained in the
upper part of the running gel (Fig. 3A). In the presence
of ‘reducing’ agents; oligomerization of GST-AR23 did
not occur at all. The effect of reducing agents was not
observed in GST-Ala35, which formed large aggregates.
These results suggest that GST-Ala23 formed an
oligomer after incubation. Thus, we performed sucrose
density gradient analysis to assess potential conforma-
tional changes in the protein. GST-Ala23 that was incu-
bated at 37°C largely sedimented in fractions 1-13,
whereas GST-Ala23 without incubation was concen-
trated in fractions 2-8 (Fig. 3B). These data suggest that
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tlie differences in ‘mobility. on the native gel were due o
oligomerization and that a huge complex formed after
incubation.

Resistance of GST-Polyalanine Peptides to
Trypsin Digestion

We next investigated the trypsin-mediated degrada-
tion rates of the long polyalanine repeat proteins. The
degradation rate of GST-Alad5 was slower than that of
GST-Ala7 (Fig. 4AB); the t;;» was 50 min for GST-
Ala7 and 210 min for GST-Ala35, respectively.

Resistance of GST-Ala23 to Trypsin Digestion

To determine whether resistance of the GST fusion
protein to degradation by trypsin could be attributed to
oligomerization. we investigated the degradation rate of
GST-Ala23 that was allowed to ohgomerize  during
long-terni incubation at 37°C (Fig. 5A.B). The degrada-
tion rate: of oligomerized GST-Ala23 was slower than
that of nonoligomerized GST-Ala23.
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Alteration of Trypsin Digestion
After Fractionation

We further investigated the degradation rate of the
GST fusion protein after fractionation by sucrose density
centrifugation. In this experiment, GST-Ala35 was used
because GST-Ala35 formed a huge complex without
incubation (Fig. 2). Each fracton from the sucrose den-
sity - gradient - was incubated with: trypsin (Fig. 6A,B).
The 'degradation rate of GST-Ala35 was slower in the
heavy fraction than in the light fraction. These data sug-
gest that resistance to trypsin digestion is proportional to
the size of the complex.

DISCUSSION

We investigated the oligomerization of proteins
containing polyalanine repeats using YFP<Ala and GST=
Ala. YFP-Ala proteins containing 23-35 alanine repeats
were expressed in COS-=7 cells; and they localized to the
cytoplasm ‘and nucleus (Oma et al., 2007). This localiza=
tion was similar to that of pathological-length, homopo-




