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Myotonic dystrophy type 2 is caused by a (CCTG)/(CCUG), repeat
expansion in the first intron of the ZNF9 gene. The pathomechanism for the
myotonic dystrophies is not well understood and the role of ZNF9 in
myotonic dystrophy type 2 pathogenesis has not been fully clarified. We
characterized Znf9*" mice, in which the expression of Znf9 was
significantly decreased, and found that their phenotype reflects many of
the features of myotonic dystrophy, including muscle histological morphol-
ogy, and myotonic discharges and heart conduction abnormalities, shown
by electromyography and electrocardiogram analysis, respectively. Znf9 is
normally highly expressed in heart and skeletal muscle, where skeletal
muscle chloride channel 1 (Clc1) plays an important role. ClcT expression
was dramatically decreased in Znf9™" mice. Znf9 transgenic mice raised
Znf9 and Clc1 expression and rescued the myotonic dystrophy phenotype in
Znf9*/~ mice. Our results suggest that the an9 haplomsuff1c1ency
contributes to the myotonic dystrophy phenotype in Znf9*™/~ mice.
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Introduction

Myotonic dystrophy is the most common genetic
muscle disease in adulthood worldwide.'

intron 1 of the ZNF9 gene, also referred to as CNBP,
on chromosome 3q21.3.* The DM2 mutation in
different populatlons appears to have a common

Clinical  founder origin.”® Myotonic dystrophy type 1 (DM1)

features of myotonic dystrophy type 2 (DM2)
include adult onset proximal muscle weakness,
myalgic pain, myotonia, cataracts, and a whole
range of possible multi-organ manifestations, such
as endocrme, cardiac, serological and brain
abnormalities.”” Liquori et al. reported that the
mutation responsible for DM2 is a (CCTG)/
(CCUQG),, repeat expansion of 75-11,000 repeats in

Abbreviations used: DM1, DM2, myotonic dystrophy
types 1 and 2; DMPK, myotonic dystrophy protein kinase;
Clc1, skeletal muscle chloride channel 1; Mbnl,
Muscleblind; EMG, electromyography; ECG,
electrocardiogram; SCL, sinus cycle length; TG/Znf9,
transgenic Znf9.
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and DM2 phenotypes are strikingly similar; there
are, however, distinct differences.2” Mankodi et al.
reported that DM1, caused by (CTG)/(CUG),, repeat
expansions at the 3’ untranslated end of myotonic
dystrophy protein kmase (DMPK), was reproduced
in a model of HSA™ mice expressing mRNA with
CTG/CUG repeats that mamfest in myotonia and
the myopathic features of DM1.® The myotonia in
HSAIR mice is caused by the loss of skeletal muscle
chloride channel 1 (Clcl) due to aberrant pre-mRNA
splicing.”'” Mankodi et al. also reported that the
RNA binding protein Muscleblind (Mbnl) localizes
to nuclear foci of accumulated mutant RNA in
myotonic dystrophy types 1 and 2."' Moreover,
disruption of the mouse Mbnl gene also leads to a
myotonic dystrophy disease phenotype.'? Given the
similarity of the DM1 and DM2 repeat motifs, and
the fact that both expansions form nuclear mutant

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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RNA foci, RNA-binding proteins that bind DM1 and
DM2 expansions were suggested to mediate similar
global disruptions in RNA splicing and cellular
metabolism.!3-15 These findings supported the
hypothesis that manifestations of DM resulted
from sequestration of Mbnl by CTG/CUG or
CCTG/CCUG mutant transcripts retained in the
nucleus, and that the affected proteins of the splicing
machinery interfered with pre-mRNA splicing
regulation.1’12’16’17 However, most recently, Maha-
devan et al. reported that mice overexpressing a
normal DMPK 3’ UTR mRNA reproduced cardinal
features of myotonic dystrophy, including myoto-
nia, cardiac conduction abnormalities, histopathol-
ogy and RNA splicing defects in the absence of
detectable nuclear inclusions.'® They also found
increased levels of CUG-binding protein in skeletal
muscle, common to DM1 patients, and that in
transgenic mice expressing the wild-type DMPK 3’
UTR with (CTG)s, the short CTG/CUG repeats were
sufficient to cause DM1 pathology without RNA or
Mbnl foci.'®

Although DM1 and DM2 phenotypes are largely
similar clinical syndromes, they are not identical.'”
DM2 usually has a more benign disease course than
DM]1; i.e. dysphagia and respiratory failure do not
occur at later stages of the disease. DM2 does not
show any congenital form, and the considerable
central nervous system involvement in DM1 is not
obvious in DM2.” Muscle pathology is also different
in DM2 compared to DM1.”" Together, these
dissimilarities indicate differences in which genes
are secondarily affected and also how and when they
are affected by the repeat expansions in DM1 and
DM2. The differences between DM2 and DM1
cannot be explained by the previous theory of DM
pathology. It is still not known whether the entire
disease pathology of DM1 and DM2 is caused by
interference in RNA processing.'” The results of
Mahadevan et al., together with the finding that RNA
foci formation and splicing defects are separable,”
highlight the need to re-examine myotonic dystro-
phy pathogenesis. Based on these controversial
results, as well as on the unexplained role of Znf9/
ZNF9 in the regulation of muscle gene expression,*
we wanted to know if deficiency of Znf9 protein
might have a pathogenic effect similar to DM2.

Results

Changes similar to the myotonic dystrophy
phenotype in Znfg*"~ mice

We characterized 80 Znf9*/~ mice in the C57BL /6]
background and found that 80% of Znf9*/~ mice
showed a phenotype with multi-organ changes
associated with myotonic dystrophy at two to six
months of age. Our previous work has demon-
strated that the retrovirus insertion mutagenesis in
Znf9 (Figure 1(a) and (b)) resulted in null mutation
Znf9~’~ in homozygous embryos, which had severe
forebrain truncation and died around E10.5.** Here,

we characterized the Znf9*/~ mouse phenotype and
its defects. We observed many abnormalities of
myotonic dystrophy expressed in the Znf9*/~
phenotype, including myotonia, ocular cataracts,
cardiac arrhythmia, and both proximal and distal
muscle wasting (Figure 1(c) to (I) and Figure 2).
Znf9*/” mice displayed defective walking and could
not make clear footprints when compared with
wild-type mice (Figure 1(c) and (d)). an9+/ ~ mice
could not hold up their bodies and fell down within
3 s while wild-type mice could hold up their bodies
longer than 15 s (Figure 1(e) and (f)).

In addition to muscle abnormalities, ocular
cataracts that progress from posterior sub-capsular
iridescent opacities to mature cataracts is a promi-
nent DM-associated feature.* Such cataracts were
observed in 25% of the Znf9*/~ eyes examined
(n=36; 6 to 12 months old; Figure 1(h) to (j)), but in
none of their wild-type siblings (Figure 1(g)). In
DM2, cardiac arrhythmia is a major cause of death.”*
The hearts were 50% enlarged in 75% of Znf9*/~
mice examined, as compared with those in wild-
type mice (Figure 1(k)), and the walls of the heart
chambers were thickened by 1.5-fold (Figure 1(1)),
which is suggestive of a hypertrophic cardiomyo-
pathy heart defect in Znf9*/~ mice. Hypertrophic car-
diomyopathy is not a constant finding in human
patients but has occasionally been reported in
DM2.%

To further characterize the phenotype of Znf9*/~
mice, we examined the histology of skeletal and heart
muscle from two to six-month-old wild-type and
Znf9*/~ mice. Hematoxylin and eosin staining
showed that Znf9*/~ mice had more than twice the
number of nuclei per skeletal muscle fiber, a much
higher proportion of central nuclei, and increased
variability in fiber size, all relative to wild-type mice
(Figure 2(a) to (d)). Heart muscle histology of an9+/ N
mice showed the same pathology mentioned in
skeletal muscle when compared with wild-type
(Figure 2(e) to (h)). In human DM2, there is a similar
marked increase in central nuclei as was noted in
Znf9*/~ mice (Figure 2).>*° Heart tissues of Znf9*/~
mice also showed myocardial hypertrophy and fi-
brosis as compared to those of wild-type mice (Figure
2(e) to (h)). The myocardial hypertrophy and fibrosis
may reflect cardiomyopathy, affect heart function,
and cause death, as observed for an9+/ ~ mice, about
25% of which die within the first half-year.

Myotonic discharges in Znfg9*'~ mice revealed
through electromyography (EMG) and

heart conduction abnormalities on
electrocardiogram (ECG)

Myotonia is a prominent feature of myotonic
dystrophy. Myotonic discharges were revealed,
through EMG of vastus muscle, in 80% of the
Znf9+/~ muscle (n=60) in contrast to normal EMG
electrode insertional activity in wild-type muscle
(Figure 3(a) and (b)). Seventy-five percent of the
Znf9*’~ mice were found to have abundant myoto-
nia in all muscles examined, with variable-frequency
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(50 to 200 Hz) runs of muscle action potentials that
continued for 60 s after insertion or repositioning of
the recording electrode (Figure 3(b)). These repeti-
tive discharges were present in Znf9*/~ mice as
early as three weeks of age, indicating that Znf9*/~
mice had a true myotonic disorder, rather than non-
specific hyperexcitability associated with muscle
fiber lesions.

The primary clinical cardiac manifestation in DM2
is the development of conduction disturbances, with
arrhythmia, progressive atrioventricular (A-V) block
and bradycardia.”® To assess the effects of Znf9
dosage alterations on heart function, ECG analysis
was obtained on mature an9+/ ~ mice (n=30) and
wild-type control mice (n=15) at six to seven
months. Cardiac arrhythmia (Figure 3(d)) and sig-
nificantly prolonged mean P-R duration (first-
degree A-V block) was discovered in 80% of
Znf9*/~ mice as compared with wild-type mice
(Figure 3(c)). A 105 ms sinus cycle length (SCL) and

Figure 1. The phenotype of
Znf9*’~ mouse morphology reflects
myotonic dystrophy. (a) The inte-
gration site of the provirus in the
Znf9 gene locus. (b) Genotype ana-
lysis of Znf9*/~ mutant mice b
Southern blot. (c) and (d) Znf9*/~
mice (d) exhibit defective walking
and cannot make clear footprints,
which may be attributed to muscle
weakness, when compared with
wild-type mice (c). (e) and (f) Muscle
weakness develops in Znf9™/~ mice
(f) when compared with wild-type
mice (). Znf9*/~ mice (f) cannot
hold up their bodies and fall down
within 3 s. (g)-(j) Distinctive ocular
cataracts that progressed from pos-
terior sub-capsular “dust-like” opa-
cities to mature cataracts are
observed in 25% of Znf9*/~ eyes
examined (n=36; 6 to 12 months
old; (h) to (j) but not in wild-type
siblings (g). (k) Heart hypertrophy
of mutant heart is observed and the
heart is enlarged in Znf9*/~ mice
when compared with that in wild-
type mice. (I) The walls of the heart
chambers in Znf9*/~ mice are
thicker when compared with those
in wild-type mice.

a 30 ms P-R interval were displayed in the control
wild-type mouse (Figure 3(e)). ECG results showed
a prolonged P-R interval, an SCL of 113 ms, and a
P-R interval of 42 ms in 80% of Znf9*/~ mice (Figure
3(f)). These results demonstrated that Znf9 dosage
was a critical element modulating cardiac conduc-
tion integrity and apparently linked haploinsuf-
ficiency of Znf9 with conduction abnormality in
Znf9*/” mice.

Znf9 expression pattern of Znf9*'* and Znf9*’-
mice

To clarify the role of Znf9 in muscle and heart
functions, we analyzed the expression of Znf9/
Znf9 in the heart and skeletal muscle of newborn
mice using immunostaining, in situ hybridization,
and Northern blot. Immunostaining revealed that
the Znf9 was expressed in the skeletal (Figure 4(a)
and (b)) and heart muscle (Figure 4(d) and (e)). The
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Figure 2. Theskeletal and heart muscle phenotype of an9+/ mice reflects myotoruc dystrophy. (a)—(d) Skeletal muscle
histology analysis of wild-type (WT) and Znf9*/~ mice through hematoxylin and eosin staining. Representative images are
transverse frozen sections of vastus muscle ((a) and (b)) and vertical frozen sections of vastus muscle ((c) and (d)) obtained
from six-month-old mice. Hematoxylin and eosm—stamed muscles show increased central and peripheral muscle nuclei
and increased variability in the muscle of mutant an9 mice ((b) and (d)) as compared with that of w11d -type mice ((a)
and (c)). (e)—(h) Heart muscle histology analysis of wild-type and an9 mice. Heart muscle in an9+ mice ((f) and (h))
shows increased central and peripheral muscle nuclei and severe fibrosis compared to wild- type mice ((e) and (g)). These

results are representative of four separate experiments in Znf9*/~

expression in muscle was confirmed at the mRNA
level by in situ hybridization (Figure 4(g) and (h)).
No signal was detectable when normal serum and
sense probes were used (Figure 4(c), (f), and (i)).
We detected Znf9 expression in the developing
heart of mice embryos at E10 using whole mount in
situ hybridization (Figure 4(j)), suggesting that Znf9
plays a role in heart development during embryo-

(a) 200,

100
Wild type o-\)w N ettt P e b

-100]

(b) 100
ZNF9+/- o
-100]

5:40 5:45 5:50 5:55
(e)
. Wild type SCL=105ms
E 1
=
'g 0
3 . f
[} i
Q 1
w o PR=30ms

line and two experiments in wild-type lines.

nic stages. Northern blot showed that, although
Znf9 is broadly expressed in many tissues, the
highest expression is in heart and skeletal muscle
(Figure 4(k) and (1)), the two tissues predominantly
affected in DM2. As expected, Znf9 expression
51gn1f1cantly decreased in heterozygous mutant
Znf9*/~ mouse skeletal and heart muscle (Figure
4(m) and (n)).
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Figure 3. Myotonic discharges and heart conduction abnormalities in Znf9*/~

mice. (a) and (b) EMG recordings in

skeletal muscle of mice from wild-type and Znf9*/ "~ lines elicited by brief movement of the EMG electrode. In ‘wild-type

mice (a), no myotonic discharge is observed after insertion or repositioning of the recording electrode. In Znf9*/

mice (b),

EMG reveals high-frequency runs of muscle action potentials that continue for more than 60 s after insertion or

repos1t10n1ng of the recording electrode. (c) and (d) ECG reveals cardiac arrhythmia of Znf9*/

mice (d) compared with

wild-type mice (c). (e) A control w11d -type mouse has an SCL of 105 ms and a P-R interval of 30 ms. (f) ECG shows

prolonged P-R interval in the Znf9*/~

mouse, with an SCL of 113 ms and a P-R interval of 42 ms. The mean P-R interval is

significantly longer in heterozygous adult mice, compared with control mice. N=15.
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Znf9 transgenic mice rescue the myotonic
dystrophy phenotype in Znf9*'~ mice

The retrovirus insertion in the first intron of Znf9
could also result in the expression defect of the genes
flanking Znf9. To prove Znf9 haploinsufficiency is
the only factor that causes myotonia, we carried out
Znf9 overexpression experiments using three Znf9
transgenic (TG/Znf9) lines. A schematic illustrates
the Znf9 transgene-containing 10 kb mouse Znf9
promoter, 11 kb entire Znf9 gene, and 300 bp vector
DNA sequence as a tag for genotyping (Figure 5(a)).
Transgenic genotyping by PCR was analyzed using
primers P1 and P2 (Figure 5(b)). Northern blot
showed that weakly expressed Znf9 in Znf9*/~ mu-
tants was expressed at high levels in TG/Znf9*/~
mice compared with wild- type mice (Figure 5(c) and
(d)). Interestingly, TG/Znf9*/~ mice showed no
phenotype and did not develop histologically
defined myopathy. Znf9*/~ mutants showed defects

Testis

Lung

ZNF9 +/-

Figure 4. Znf9 expression in
muscle and heart in wild-type
mice and embryos. (a)-(c) Skeletal
muscle immunohistochemistry. (a)
Znf9 protein is detected in skeletal
muscle using anti-Znf9 antibody.
(b) The amplification of (a). (c)
Normal serums from wild-type
mice were used as negative con-
trols. (d)-(f) Heart muscle im-
munohistochemistry. (d) The Znf9
protein is detected in heart using
anti-Znf9 antibody. (e) The amplifi-
cation of (d). (f) Normal serums
from wild-type mice were used as
negative controls. (g)-(i) In situ
hybridization of the mRNA level.
(g) Znf9 mRNA is detected using
Znf9 antisense as a probe. (h) The
amplification of (®)- () Znf9 sense
from wild-type mice was used as
negative control. (j) Whole mount in
situ hybridization of E10.5 mouse
embryo. Besides expression of Znf9
in forebrain and limb bud that is
described, Znf9 is detected in the
developing heart. (k) Analysis of
Znf9 mouse tissue distribution by
Northern blot. Znf9 is broadly
expressed, with the highest expres-
sion in heart and skeletal muscle,
two tissues predominantly affected
in DM2. (1) The results of (k) were
normalized for GAPDH, and are
presented as relative units. N=5.
(m) In the heterozygous state there
is a significant reduction of Znf9 ex-
pression both in heart (lane 2) and
in skeletal muscle (lane 4) as com-
pared with that of wild-type (lanes
1 and 3). (n) The results of (m) were
normalized for GAPDH, and are
presented as relative units. N=>5.

Heart
Spleen
Skeleton
Muscle

ZNF9 +/+
ZNF9 +/-

in skeletal (Figure 6(a) and (c)) and heart muscle
(Flgure 6(e) and (g)), while transgenic-rescued TG/
an9+ mice (Figure 6(b), (d), (f), and (h)) were
normal. Myotonic discharges, cardiac arrhyth-
mia, and A-V conduction abnormalities shown in
an9+ mutants were completely rescued in TG/
an9 ~ mice (Figure 7(a) to (1)) These results sug-
gested that Znf9 overexpression had the ability to
rescue the pathology in both skeletal and heart
muscle of the Znf9""~ mutants. The same result was
obtained from all three transgenic lines.

Haploinsufficiency of Znf9 causes a decrease
in the amount of Clc1 mRNA

We wondered whether haploinsufficiency of Znf9
might cause the decrease in the amount of Clcl
mRNA that would cause the myotonia. Semi-
quantitative RT-PCR was conducted on equal
amounts of RNA extracted from skeletal muscle of
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< Exon: 1 234 g expression in Znf9*/~ mice. (a)
F2 ) 2kb Diagram of the Znf9 construct,

showing the Znf9 transgene con-
taining a 10 kb mouse Znf9 promo-
ter, 11 kb entire Znf9 gene, and a
300 bp vector DNA sequence as a
tag for genotyping. Filled boxes are

= 060 the Znf9 sequences of five exons. (b)

1 2 3 2 Transgenic genotyping by PCR

(C) E 040 analysis using primers P1 and P2.
ZNF9- .“ £ 020 Lanes 4 and 6 are control DNA

w 2 om0 from wild-type mice. Lane 5 is a

GAPDH- S —— 1 2 3 DNA marker. A 400 bp fragment

represents recovery of transgenic
embryos. (c) Znf9 expression rescued by transgenic mice. Lane 1 shows muscle Znf9 expression in the Znf9*/~ mutant.
Znf9 expression is dramatically reduced compared with that in wild-type mice (lane 3). Znf9 is highly expressed in TG/
Znf9*’~ mice (lane 2). (d) The results of (c) were normalized for GAPDH, and are presented as relative units. N=>5.

wild-type, Znf9*/~ mutant, and TG/Znf9*/~ trans-
genic mice. The result showed that in Znf9*/~
mutant mice, the amount of Clcl mRNA was
dramatically decreased compared to that of the
wild-type mice. Most interestingly, in TG/Znf9*/~
mice, the amount of Clc1 mRNA was even higher
than in wild-type mice (Figure 8(a) and (b)). To
further confirm the result of semi-quantitative RT-
PCR, we conducted Northern blot analysis of Clcl
level in skeletal muscle of wild-type, Znf9*/~
mutant, and TG/Znf9*/~ mice. Mouse cDNA frag-
ments spanning from exon 4 to exon 8 were used as
probes to analyze Clcl expression. There was a
significant reduction in Clcl mRNA in Znf9*/~
mutant muscle and the TG/Znf9*/~ transgene
rescued the decreased amount of ClcI mRNA in
Znf9*/~ mutant muscle. The Northern blot result
further confirmed that the TG/Znf9 transgenic mice
rescued the low Clc1 expression in Znf9*/~ mutant
muscle (Figure 8(c) and (d)). Taken together these
results suggest that low levels of Znf9, as described
here for the mouse model, result in low levels of Clc1

expression and apparent myotonia and that Clcl
expression might be regulated by Znf9.

Discussion

Possible DM1/2 mechanisms include: (i) patho-
genic effects of the (CUG)/ (CCUGl)n RNA expansion
that disrupts cellular function'*> as described in
the pathogenesis of DM1,% ' irrespective of its
accumulation as nuclear foci,"*” and was to some
extent confirmed in DM2;*® (ii) aberrant RNA
splicing of other genes caused by sequestered or
altered amount of splicing machinery proteins by
mutant RNA; and (iii) altered expression of mutated
and neighboring genes as described in DM1.*%
However, our data show that Znf9 cannot be
excluded from playing a role in DM2 since hap-
loinsufficiency of Znf9 in the Znf9*/~ mutant mice
generated by retrovirus insertion in intron 1 of
Znf9,” instead of the (CCTG)/(CCUG), expansion,
reproduces multi-organ abnormalities associated

Figure 6. The Znf9 transgene rescued the phenotype defects of Znf9*/~ mouse skeletal and heart muscle. (a)~(d)
Skeletal muscle in the an9+/ ~ mutant ((a) and (c)) shows the same defects described in Figure 2, while skeletal muscle of
transgenic TG/an9+/ ~ mice ((b) and (d)) is normal. (e)—(h) Heart muscle in the an9+/ " mutant ((e) and (g)) shows the
same defects described in Figure 2, while heart muscle of transgenic TG/an9+/ ~ mice ((f) and (h)) is normal.
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Figure 7. The Znf9 transgene rescued the altered functions of an9+/ ~ mouse skeletal and heart muscle. (a)-(c) EMG
recordings in skeletal muscle of mice from wild-type (a), Znf9*/~ (b), and TG/Znf9*/~ lines (c), elicited by brief movement
of the EMG electrode, indicating that the myotonia phenotype has been rescued. (d)-(f) ECG from wild-type (d), an9+/ -
(e), and TG/an9+/ " (f) mice shows cardiac arrhythmia is rescued in TG/an9+/ " mice. (g)-(i) A control wild-type mouse
(g) has an SCL of 107 ms and a P-R interval of 33 ms. ECG shows a prolonged P-R interval in the Znf9*/~ mouse (h), with
a SCL of 110 ms and a P-R interval of 45 ms. A recording from a TG/Znf9"/~ mouse (i), with a SCL of 105 ms and a P-R
interval of 35 ms shows that A—V conduction abnormalities are rescued. N=5.

with myotonic dystrophies. The working model
holding that manifestations of DM result from
sequestration of Mbnl by CTG/CUG or CCTG/
CCUG mutant transcripts retained in the nucleus,
and that the affected proteins of the splicing
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machinery interfere with pre-mRNA splicing
regulation,'*'*!” had been widely accepted. How-
ever, Mahadevan et al.’s finding that overexpression
of normal DMPK 3" UTR mRNA causes increased
CUG-binding protein and myotonic dystrophy

Figure 8. Semi-quantitative RT-

PCR and Northern blot analysis of

the Znf9 level. (a) Semi-quantitative

RT-PCR of the Clc1 mRNA in wild-

type (lanes 1 and 2), an9+/7 mutant

(lanes 3 and 4), and TG/an9+/ -

5 6 (lanes 5 and 6) skeletal muscle. The
results revealed that the amount of

Cle1 mRNA was reduced in Znf9*/~

mutant muscle and that the TG/

Znf9*/~ transgene rescued the

decreased amount of Clc1 mRNA in

Znf9*/~ mutant muscle. (b) The

results of (a) were normalized for

GAPDH, and are presented as rela-

tive units. (c) Analysis of the Clcl

level by Northern blot. The Clicl

mRNA in wild-type (lanes 1 and 2),

5 6 an9+/ ~ mutant (lanes 3 and 4), and
TG/Znf9*'~ (lanes 5 and 6) skeletal

muscle. The same results were found asin (a). (d) The results of (c) were normalized for GAPDH, and are presented as relative

units. N=5.
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without Mbnl-containing ribonuclear inclusions'® is
not a straightforward fit with previous theory,
indicating that there are still open issues in the
pathomechanism of myotonic dystrophies.

Mahadevan et al. concluded that a conundrum
remains in the explanation of DM pathology; it is
still not clear why mice overexpressing a normal
DMPK 3’ UTR develop the disease.'® They sug-
gested that the effects of overexpression of many
DMPK 3’ UTR transcripts with (CUG)s in mice may
be pathogenically equivalent to expressing mutant
transcripts with hundreds of CTG/CUG repeats.'®
However, this could not explain the normal pheno-
type of transgenic mice with short CTG/CUG
repeats found by Mankodi et al.® They stated that
the sequence elements required for toxicity and that
induce higher CUG-bindingl protein levels exist
within the normal transcript. '®

We aimed to help clarify the conundrum pointed
out by Mahadevan et al. through our study of Znf9.
Based on our work we propose that the Znf9 haploin-
sufficiency contributes to the myotonic dystrophy
phenotype in Znf9*/~ mice. Our results showing
many abnormalities of myotonic dystrophy ex-
pressed in the Znf9*/~ phenotype, including myoto-
nia, ocular cataracts, cardiac arrhythmia, and muscle
wasting, along with myotonic discharges and heart
conduction abnormalities, provide strong evidence
that Znf9 is involved in DM pathology. Notably, the
myotonic dystrophy phenotype in Znf9*/~ mice can
be fully rescued by the TG/Znf9*/~ transgene, which
also means that altered expression of neighboring
genes is less likely to be of importance for pathogen-
esis. These effects were reversible in both mature
skeletal and cardiac muscles by silencing transgene
expression. Our results may also suggest a possible
therapeutic strategy for treatment by increasing
ZNF9 expression.

Currently we do not know how haploinsuffi-
ciency causes the myotonic dystrophy phenotype in
Znf9*/~ mice. However, our data do show that Znf9
is important in the normal function of skeletal and
cardiac muscle. Decreased expression of Clcl in
Znf9*/~ mice may give an important clue to further
explore the mechanism that causes the DM2-like
phenotype in Znf9*/~ mice. Aberrant splicing
leading to low expression of functional Clcl is
considered the major pathogenetic mechanism of
myotonia in myotonic dystrophy.'® Clcl was sig-
nificantly decreased in Znf9*/~ mice, which showed
definite myotonia. The decrease in Clc1 could result
from decreased expression at the transcriptional
level or could be caused by aberrant splicing. We did
not, however, find evidence of aberrant splicing of
Clcl. We suspect that Znf9 regulates Clc1 expression
at the transcriptional level. Konicek et al. found
that AP1 and CNBP (Znf9) bind to the promoter of
M-CSF and regulate its expression.>’ We performed
a search for Znf9 conserved binding sites that show
90% similarity with that in the promoter of M-CSF
within the region flanking the 5" end of the Clcl
promoter and found two sites in the first 100 bp
(data not shown), indicating that Znf9 could

regulate Clcl. It remains to be confirmed, however,
whether Znf9 does regulate Clcl expression and
further study is needed to categorize the cause of
low Clc1 expression in our mouse model.

In this study the Znf9*/~ knock-out allele was not
fully penetrant. The Znf9 /= was fully penetrant,
with all embryos dying around E10.5.% Tt is
common to find reduced penetrance of heterozy-
gous knock-outs, in which the expression of the gene
is variable. This could be caused by genetic
variations in each individual mouse. We have
previously found that the expression of Znf9 in the
heterozygous knock-out, while consistently lower
than in the wild-type, varied among individuals.*

Our Znf9*/~ mice showed both proximal and
distal muscle wasting, while proximal muscle
wasting is predominant in DM2 patients. We
suspect that this is due to the species differences
between humans and mice and the underlying
difference in primary gene defect. The established
pathogenetic mechanism in DM2 and DM1, aber-
rant splicing of a large set of genes, is thought to be
based on similar mechanisms in both diseases, and
still, the molecular basis for the opposite muscle
wasting phenotype in DM2 versus DM1 is unex-
plained. Our Znf9*/~ mice may have secondary
target genes that are in common with those affected
in both DM1 and DM2.

Znf9*/~ mice show some features of the DM2
phenotype and it is possible that Znf9*/~ mutants
could be used as a DM2 or myotonic dystrophy
mouse model. Extensive further study is needed to
define the role of ZNF9 in the pathogenesis of
human myotonic dystrophy type 2. The proposed
importance of Znf9 haploinsufficiency for the DM
phenotype in Znf9*/~ mice indicates that, if directly
transferred to the human DM?2 situation, nonsense
mutations in ZNF9 would replicate the pathology
observed here in Znf9*/~ mice. To date, ZNF9
nonsense or missense mutations in the tested DM2
population have not yet been observed. Moreover,
the total amount of ZNF9 protein in one DM2
patient muscle sample was recently reported not to
be decreased.” However, the previous studies only
present data for total levels of ZNF9. An important
extension of our study would be to investigate the
activity and intracellular distribution of ZNF9 in
DM patients, which could reveal a mechanistic link
between DM and ZNF9. Also, the regulatory effects
of Znf9 in mice may be very different from those of
ZNF9 in humans.

In the interest of myotonic dystrophy research,
adding further relevant data to the complexity of
myotonic dystrophy pathogenesis is of general
interest. The next steps in the evaluation of our
mouse model will include studies on processing
and sub-cellular localization of Znf9 isoforms and
expression data on the different genes shown to be
aberrantly spliced in myotonic dystrophies, in
order to understand where the molecular paths of
Znf9 haploinsufficiency and of (CCTG)/(CCUG),
repeat expansion pathomechanisms may cross each
other.
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Materials and Methods

2Znf9*~ mutant mouse strain and genotype

The Znf9 mutant mouse strain, also termed Znf9*/~
mutant mouse strain, was generated and genotyped as
described.”® The Znf9*/~ mutants were repeatedly back-
crossed for 15 generations with the C57BL/6] inbred
genetic background to improve phenotypic consistency.

RNA preparation and analysis

RNA preparation and analysis was performed as
described.® Full-length mouse Znf9 ¢cDNA fragments
were used as probes to analyze Znf9 expression. Mouse
cDNA fragments spanning from exon 4 to exon 8 were
used as probes to analyze Clcl expression. The results
shown were reproduced at least four times.

Analyses of histology, immunostaining, and in situ
hybridization

These techniques were performed as described.” All the
results shown were reproduced at least four times. All
hybridization results were normalized against the
GAPDH signal.

Transgenic rescue of DM2 phenotypes in
Znf9*~ mutants

Znf9 transgenic mice were used to rescue DM2 pheno-
types of Znf9"/~ mutants as described.” In brief, trans-
genic (TG) mice were crossed to Znf9*/~ mutants, and
the resultant progeny (TG/Znf9*/~) were backcrossed to
Znf9*/~ mice.

Electrocardiography and electrophysiology studies

The mouse electrophysiological study methodology has
been described in detail.**** Cardiac rhythm and respira-
tions were monitored, ECG intervals calculated, and
standard pacing protocols used to determine the electro-
physiologic parameters.**® All the results shown were
reproduced at least four times.

Data acquisition and analysis

Surface ECGs and electrogram recordings were ac-
quired on a multi-channel amplifier and converted to a
digital signal for analysis (MacLab System, AD Instru-
ments, Milford, MA).

Semi-quantitative RT-PCR

For mouse E4-E8, the upstream primer (5’- ATGAAG-
CCTAGCCTTCCTCT -3’) and downstream primer (5'-
ATCCTTGTTCCAAACGGCCA -3') were used. After the
first strand ¢cDNA was synthesized, amplification was
performed using 25 cycles of 30 s at 95 °C, 30 s at 60 °C,
and 30 s at 72 °C, followed by a final 10 min ex-
tension at 72 °C. GAPDH was used as a quantitative
control. The results shown were reproduced at least four
times.

Statistical analysis

All continuous variables, such as ECG intervals and
cardiac conduction properties, were compared to gender
and age-matched controls, with data presented as the
mean=1 standard deviation. Statistical analysis includes
the 2-tailed Student’s t test, analysis of variance (ANOVA)
with Scheffé subgroup testing when appropriate, and
analysis of inter-observer variability. A P value of <0.05 is
considered statistically significant.
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