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) (57) Abstract: A method of detecting cardiac arrhythmia in a patient is described. This method involves determining whether there
& is a mutation in the nucleotide sequence, the amino acid sequence, or both, of connexind( obtained from a patient. The mutation may
& be localized within the transmembrane domain of connexin40. Furthermore, there is described a method of identifying a compound
N (o the treatment off cardiac arrhythmia. This method involves providing a cell culture that is characterized by having impaired
intracellular trafficking, impaired electrical coupling, reduced gap junction plaque formation, reduced intracellular coupling, or a
combination thereof, when compared to a wild-type cell. A compound is added to the cell culture, and restoration of intracellular
trafficking, electrical coupling, gap junction plaque formation, intracellular coupling, or a combination thereof, is monitored.
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FIELD OF INVENTION

[0001] The present invention relates to detecting and treating cardiac arrhythmia in a

subject.
BACKGROUND OF THE INVENTION

[0002] Atrial fibrillation (AF) is characterized by rapid, erratic electrical activation of
atrial myocardium. Consequently, effective atrial contractility is lost, promoting clot
formation and a significant risk of stroke. The rapid activity of the atria may be
conducted to the ventricles, resulting in deterioration of heart function. In addition to
causing substantial morbidity, AF confers an increased mortality risk, independent of
co-existing risk factors. In the United States, over 2 million adults are affected with
AF, thé prevaience increasing with age (5.9% at age > 65 years). Thus, the

socioeconomic burden of disease management is considerable.

Recent studies on the molecular etiology for AF have focused on familial forms of
the disease. For example, a mutation in KCNQI1, a potassium channel also implicated
in a form of Long QT Syndrome, has been identified as the molecular basis of
autosomal dominant AF in a single family from Shandong Province, China (Chen,

Y .H. et. al., Science 299, 251-254; 2003). Two families demonstrating autosomal
dominant AF have been mapped to 10q22-q24 and 6p14-p16, respectively (Brugada,
R. et. al., N. Engl. J. Med. 336, 905-911,1997; Ellinor, P.T., et. al., Circulation107,
2880-2883; 2003). However, a causal gene has not been identified.

[0003] Connexind0 (Cx40) 1s a gap junction protein with restricted atrial and
conduction system expressicn in the human heart. Cx40 is known to play a critical

role in mediating coordinated electrical activation of myocardium through

intercellular coupling (Kanno, S. & Saffitz, J.E. Cardiovasc. Pathol. 10, 169-177,
2001). Huub, M.W. et. al., (2002, Cardiovascular Resarch 54; 270-279) suggest that

gap junctional remodelling including a decrease in the Cx40:Cx43 protein ratio may




10

15

20

25

CA 02563264 2006-10-06

WO 2005/105997 PCT/CA2005/000646

be involved in the stabilization of atrial fibrillation. However, there is no disclosure of

specific mutations in Cx40 in this publication.

[0004] Alcolea, S et. al., (2004, Circ Res. 94:100-109) discloses the generation of
Cx40 knock out mice that are viable and fertile. The knock out mice exhibit increased

incidence of inducible atrial tachyarrhythmias.

[0005] Ri et al., (1999, Biophysical Journal 76: 2887-2898) discloses amino acid
substitutions at position 87 and 86 of Connexin 32 (Cx32). However, there is no

disclosure of any mutations in the nucleotide sequence of Cx40.

[0006] Suchyna et al., (1993, Nature 365:847-849) disclose that a mutation of proline
87 in Connexin 26 (Cx26) causes a reversal in the voltage gating response when the

mutant hemichannel 1s paired with wild type Cx26 in the Xernopus oocyte system.

Specitic mutations disclosed in this reference are Cx26P87L, Cx26P871, Cx26P87A,

Cx26P87G and Cx26P87V. There is no teaching of mutations in the nucleotide

sequence of Cx40.

[0007] WO 02/19966 (Donahue J.K. and Marban E.) discloses methods of preventing
or treating cardiac arrhythmia, including administering one or more polynucleotides
that modulate an electrical property of the heart. There is no teaching of any mutations

in the Cx40 gene sequence.

SUMMARY OF THE INVENTION

[0008] The present invention relates to detecting and treating cardiac arrhythmia in a

subject.

[0009] 1t is an object of the invention to provide an improved method for identifying

and treating cardiac arrhythmia.

[0010] According to the present invention there is provided a method (A) of detecting
cardiac arrhythmia, or the potential for cardiac arrthythmia, in a subject comprising,

determining whether there is a mutation in the nucleotide sequence, the amino acid
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sequence, or both, of connexind0 obtained from the subject. For example, the
presence of the mutation may be determined by a method selected from the group

consisting of:

comparing the nucleotide sequence of connexin40 obtained from the subject to

a nucleotide sequence of connexin40 obtained from a healthy patient using a sequence

comparison,

comparing the nucleotide sequence of connexin40 obtained from the subj ect to
a nucleotide sequence of connexin4(0 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using PCR,

comparing the nucleotide sequence of connexin40 obtained from the subject to
a nucleotide sequence of connexin40 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using LCR,

comparing the nucleotide sequence of connexin40 obtained from the subject to
a nucleotide sequence of connexin40 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using SNP analysis,

comparing the nucleotide sequence of connexin40 obtained from the subject to
a nucleotide sequence of connexin40 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using a nucleic acid array,

comparing the amino acid sequence of connexin4( obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there i1s a mutation in Cx40, using an epitope-based assay,

comparing the amino acid sequence of connexin40 obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using a monoclonal antibody,

comparing the amino acid sequence of connexin40 obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using an ELISA assay, and
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comparing the amino acid sequence of connexin40 obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using western analysis.

The present invention is also directed to the method (A) as defined above wherein the
mutation 1n the nucleotide sequence encodes a mutation within a transmembrane
domain. Alternatively, the mutation in the nucleotide sequence may encode a
mutation between amino acids 20-42, amino acids 76-98, amino acids 160-183, amino
acids 206-230, or a combination thereof, of Cx40. Furthermore, the mutation in the
nucleotide sequence encodes a mutation selected from the group consisting of a
Pro88Ser mutation, an Ala96Ser mutation, a Gly38Asp mutation, and a Met163Val
mutation. Preferably, the nucleotide sequence of connexin40 is determined from a

blood sample, or a heart tissue sample, obtained from the patient.

[0011] The present invention also pertains to an isolated nucleic acid comprising the
sequence selected from the group consisting of wt Cx40, a modified Cx40 comprising
a C to T mutation at position 262, a modified Cx40 comprising an A to G mutation at
position 487, a moditied Cx40 comprising an G to A mutation at position 113, and a

modified Cx40 comprising an G to T mutation at position 286.

[0012] The present invention provides a nucleic acid array comprising one or more
than one of a nucleic acid comprising the sequence selected from the group consisting
of wt Cx40, a modified Cx40 comprising a C to T mutation at position 262, a
modified Cx40 comprising an A to G mutation at position 487, a modified Cx40

comprising an G to A mutation at position 113, and a modified Cx40 comprising an G

to T mutation at position 286.

[0013] Furthermore, the present invention provides a method (B) of detecting cardiac
arrhythmia, or a potential for cardiac arrhythmia in a subject comprising, obtaining a

nucleic acid sample from the subject and hybridizing the nucleic acid sample with the
nucleic acid array of claim as described above. Preferably, the nucleic acid sample is

obtained from blood or heart tissue of the subject.
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The present invention also pertains to a method (C) ot restoring intracellular
trafficking in a cell that is deficient in gap junctions comprising, introducing a wild

type connexind0 gene into the cell, and expressing the wild type connexind( gene.

The wild type connexin40 gene may be introduced in the cell using a viral vector..

[0014] The present invention also provides a method (D) of detecting cardiac
arrhythmia comprising determining whether there 1s impaired intracellular trafficking,
impaired electrical coupling, or both intracellular trafficking and impaired electrical

coupling, between cells obtained from a heart tissue.

[0015] Furthermore, the present invention provides a method (E) of identifying a

compound for the treatment of cardiac arrhythmia, or the potential for cardiac

arrhythmia, compriéing,

- providing a cell culture expressing a modified connexin40, the cell culture
exhibiting impaired intracellular trafficking, impaired electrical col}lpling, reduced gap

junction plaque formation, reduced intracellular coupling, or a combination thereof,

when compared to a wild-type cell
- adding the compound to the cell culture; and

- determining if intracellular trafficking is improved, electrical coupling is
improved, gap junction plaques are formed, intracellular coupling is improved,

electrical coupling, or a combination thereof, when compared to an untreated cell

culture expressing the modified Cx40.

[0016] In the present invention, “idiopathic” AF has been identified as having a

genetic basis, and mutations that predispose the atria to fibrillation have been found to

be somatic 1n nature.

[0017] This summary of the invention does not necessarily describe all features of the

invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] These and other features of the invention will become more apparent from the

following description in which reference is made to the appended drawings wherein:

[0019] Figure 1 Shows detected mutations of Cx40 in idiopathic atrial fibrillation.
Figure 1a, shows sequence analyses of lymphocyte and heart specimen DNA from an
affected individual harbouring a relatively lower abundance of mutant allele (C—T)
compared to wild type allele, detected in the heart specimen. Allelic éubcloning of
PCR products confirmed the presence of mutant allele in 17% (4/24) of clones
analyzed. The C—T mutation results in a proline for serine substitution at amino acid
position 88. Figure 1b, shows sequence analyses from affected patient 9,
demonstrating a 487A—G (Met163Val) mutation detected from heart specimen
analysis, but not from the individuals lymphocyte DNA. Figure 1c, shows squence
analyses from the same affected patient 9 (see Figure 1b) demonstrating a 113G—A

(Gly38Val) mutation detected from heart specimen analysis, but not from the

~ individuals lymphocyte DNA. Figure 1d, shows sequence analysis showing the

286G—T (Ala96Ser) mutation detected from lymphocyte DNA in affected patient 6.
The mutation was identified from both lymphocyte and heart specimens. Figure 1e,
shows the location of mutated residues (G, P, A) in the predicted protein of Cx40.
Gly38 is located within the first transmembrane domain (TM1), P88 and Ala96 within
TM2, and Metl63 within TM3.

10020] Figure 2 shows amino acid sequence alignment of several mammalian Cx40.
Figure 2a, shows the amino acid sequences of Cx40 for human (SEQ ID NO:1), wolf
(SEQ ID NO:2), rat (SEQ ID NO:3), mouse (SEQ ID NO:4), and hamster (SEQ ID
NO:5). Identified mutations in Cx40 proteins are denoted in bold at positions 38
(G38V), 88 (P88S), 96 (A96S) and 163 (M163V). The identified mutations as
described herein occur at conserved residues across species in which the structure is
known. Non-conserved residues are indicated by boxed squares and occur
predominantly in the C-terminal port"ion of the protein. Lightly shaded, large boxes
indicate transmembréne spanning regions. Figure 2b, showsnucleotide alignment in

the region of identified mutations. Sequence homology is demonstrated at the DNA
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level, including conservatioﬁ of the spe'ci;fjic: nucleotldes where mutations were
1dentified in affected patients. Figure 2¢, shows the nucleotide sequnce of wild-type
Cx40 (SEQ ID NO:6). Figure 2d, shows the nucleotide sequence of a mutant Cx40
(SEQ ID NO:7) comprising a C to T (underlined) substitution at position 262,

encoding the Pro88Ser mutation.

[0021] Figure 3, shows that a Pro88Ser Cx40 mutant is retained intracellularly when
expressed in N2A cells (a gap junctional communication-deficient neuroblastoma cell
line) which are normally intercellular communication-deficient. Figure 3a, shows
wild-type Cx40 and GFP-tagged wild-type Cx40 (insert) assembled into gap junctions
(arrows) at cell-cell interfaces. Figure 3b, shows that untagged Pro88Ser Cx40
mutants are retained in the intracellular compartment. Figure 3¢, shows that GFP-
tagged Pro83Ser Cx40 mutant are retained in the intracellular compartment. Figure

3d, shows that the Pro88Ser mutant was rescued and assembled into gap junctions at

cell-cell interfaces in cells co-expressing wild-type Cx40 (arrows). Bar =10 um

[0022] Figure 4 shows differential localization of Cx40 mutants in N2A cells. N2A
cells were transfected with cDNAs encoding GFP-tagged wild-type Cx40 (Figures
4a, 4b), or the GFP-tagged Cx40 mutants, Prol88Ser (P88S; Figures 4c,4d),
Ala96Ser (A96S; Figure 4e, 4f), Met163Val (M163V; Figures 4g, 4h) or Gly38Asp
(G38D; Figures 4i, 4j). GFP-tagged (Figure 4¢) and untagged (Figure 4c, insért)
P88S failed to assemble into gap junctions. The G38D mutant (Figure 4i) was
primarily retained within intracellular compartments with occasional formation of a
gap junction-like structure. Gap junction-like structures (arrows) were seen at cellcell
interfaces in cells expressing untagged Cx40 (Figure 4a, insert), GFP-tagged Cx40
(Figure 4a), A96S (Figure 4e) or M163V (Figure 4g). Transmitted light images
reveal that all cells analyzed had contacting neighboring cells (Figures 4b, 4d, 4f, 4h,

4j). Bar = 10 um.

[0023] Figure S shows that a Pro88Ser mutant and a Ala96Ser mutant in human Cx40
leads to impaired functional coupling between pairs of transfected N2A cells, and
exert a dominant negative effect on wtCx40 activity. Figure 5a, shows the voltage

protocol (-100 to +100 mV) used to test for coupling and voltage-dependent gating of
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Cx40 transfected N2 A cell palrb (Top tfacés). Bottom fraces are superimposed current
records from one cell of the pair in response to the voltage protocol applied to the
other cell. Coupling and voltage-dependent gating were observed in wtCx40 (left), but
not in the Pro88Ser mutant Cx40 transfected N2A cells (right). Bottom right inset
shows 5-times enlarged current records obtained from a transfected Pro88Ser Cx40
N2A cell pair. Figure 5b, shows that in weakly coupled N2A cell pairs transfected
with wtCx40, single unitary current can be identified. Open sate (O, single channel
conductance y;= 102 pS), subconductance state (S, y;, = 24 pS) and closed state (C)
are illustrated. Figure Sc shows antisense-treated (AS) oocytes, injected with
wtCx40, mutant Cx40 (Pro88Ser and Ala96Ser mutants), or co-injected with equal
amounts of wt and mutant cCRNA. The amount of wtCx40 injected into each oocyte
was held constant to facilitate comparison of the homotypic and heteromeric oocyte
pair data. Both Pro88Ser and AlaS6Ser mutants demonstrafed absent or minimal
functional qell-cell coupling similar to results in N2A cells, and significantly impaired
the activity of wiCx40. Data is presented as the meant SEM of the number of pairs

indicated 1n parentheses for each condition.

10024] Figure 6 shows surface electrocardiographic analysis of P-wave duration in

tamily members of patient #6 harboring the Ala96Ser mutation. Figure 6a shoﬁ/s P-

wave duration in the unaffected spouse, age 74, appears of normal morphology and

duration. Figure 6b shows P-wave duration from an archived electrocardiogram of

aftected patient #6 during normal sinus rhythm appears broad with an abnormal P-
wave duration in the range of 120 ms (Normal < 110 ms). Figures 6¢ and 6d)shows
abnormal P-wave morphology and duration, indicative of prolonged atrial myocardial
conduction time in the sons carrying the Ala96Ser mutation. Legend: Each small

square represents 40 ms in duration.

DETAILED DESCRIPTION

[0025] The present invention relates to detecting and treating cardiac arrhythmia in a

subject.
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[0026] The following descripf‘iédﬁ'i:s ofa préfeffea éinBodiment.

[0027] The present invention provides a method of detecting cardiac arrhythmia, or
the potential for cardiac arrhythmia, in a subject comprising, determining whether
there 1s one or more than one mutation in the nucleotide sequence of connexin40
(Cx40; also reterred to GJAS). The presence of the one or more than one mutation
may be determined using any techniques known in the art, for example but not limited
to, by comparing the nucleotide sequence of Cx40 obtained from the subjed, to a
nucleotide sequence of Cx40 obtained from a healthy patient, using chip arrays
comprising one or more than one mutation in Cx40, PCR, LCR or SNP assays known
to detect single nucleic acid polymorphisms, or other techniques known in the art for
detecting modification in a nucleotide sequence. Additionally, methods to detect
changes in amino acids sequences may also be used including comparison of amino
acids seQuences, epitope based assays, antibody screening assays, ELISA, or western
analysis. Preferably, the mutation in the nucleotide sequence of Cx40 modifies
intracellular trafficking, electric coupling, or modifies intracellular trafficking and
electric coupling. More preferably, the one or more than one mutation within Cx40 is

within one or more than one transmembrane domain region, including between amino

acids 20-42, 76-98, 160-183 and 206-230 of Cx40 (e.g. see Figures le, and 2a).

[0028] Furthermore, the present invention provides a method of detecting cardiac
arrhythmia, or the potential for cardiac arrhythmia comprising, determining whether
there is impaired intracellular trafficking, impaired electrical coupling, or modified
intracellular trafficking and electrical coupling, between cells obtained from heart
tissue. Methods as described herein, or any method as would be known to one of skill
in the art may be used for such a determination including, but not limited to, detecting

electrical coupling between the cells.

10029] In order to determine the role that Cx40 may play in cardiac arrhythmia,
genomic DNA was isolated from resected cardiac tissue from idiopathic atrial
fibrillation (AF) patients. Sequencing of the gene encoding Cx40 identified
heterozygous mutations in cardiac tissue (see Example 1). Mutations were identified

within the transmembrane domains of Cx40. For example, a mutation in Cx40 (SEQ
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ID NO:6; Figure 2c) at position 262 of C to T (see SEQ ID NO:7; Figure 2d),
predicting a Pro88Ser substitution, was identified in 4 patients (seeFigure 1a). An
additional patient harbored 2 non-allelic mutations leading to Gly38Asp (nucleotide
113 G to A; Figure 1b) and Met163Val (nucleotide 487A to G; Figure 1c)
substitutions. Sequencing of DNA from peripheral lymphocytes of these patients
showed no evidence of mutation, indicating a somatic source of the genetic defects.
Cardiac specimens from an additional patient demonstrated a mutation at nucleotide
286 from G to T (Figure 1d), predicting an Ala96Ser amino acid change. This
mutation was also identified from lymphocyte DNA of this affected patiert.

[0030] The Pro88 residue is located in the second transmembrane domain of Cx40,
and this residue is evolutionarily conserved in mammalian connexins (see Figure 2a).
Cross-species comparison of Cx40 shows a > 80% homology of protein and protein-
encoding DNA sequence, reflecting the evolutionary conservation of the Cx40 protein
and gene structure (Figure 2a). An analogous mutation has been implicated in the
transduction of voltage-gating in the connexin protein family, including Cx32 and
Cx50 (Suchyna, T.M., et. al., Nature 365, 847, 1993; Nelis E. et. al., Hum. Mutat. 9,
47, 1997; Janssen E.A., et. al., Hum. Genet. 99, 501, 1997; Bort, S., et. al, Hum.
Genet. 99, 746, 199:7; Shiels A., et. al., Am. J. Hum. Genet. 62, 526, 1998; Kuntzer T.,

et. al.; J. Neurol. Sci. 207, 77, 2003).

[0031] Mutations of Met163 in Cx26 have been associated with hereditary deafness
(Marlin, S. et. al,, Arch. Otolaryngol. Head Neck Surg. 127. 927, 2001; Bayazit, Y.A.
et. al., Int. J. Pediatr. Otorhinolaryngol. 67, 1331, 2003). The Gly38Asp mutation

has not been reported in other connexins known to cause human disease, but

mutations in this region have been observed (Krutovskikh, V. & Yamasaki, H., Mutat.

Res. 462, 197, 2000).

[0032] Direct sequencing of 100 alleles from heart tissue in individuals unaffected by
atrial fibrillation and 240 alleles from lymphocyte DNA ofhealthy controls showed
no evidence of the Pro88Ser, Met163Val, or Gly38Asp mutations, further supporting
their potential pathogenetic importance. However, the Ala96Ser mutation was

identified in one healthy, 48 year old individual (allele frequency'O.S %). Without
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wishing to be bound by fheorsf, thls may v'ir;:iioca"t'e télat this allele represents a rare,
benign polymorphism or that this individual may be predisposed to developing AF in
the future. This latter possibility is supported by the known prevalence of AF in
patients 50-55 years of age (0.5%; Feinberg, W.M.,, et. al., Arch. Intern Med.155,
469-473, 1995), and the observation that mutations at the identical position of Ala96
have been observed in deafness and CMT syndroine (Kelley, P.M., et. al..Am. J.
Hum. Genet. 62, 792-799,1998; Bone, L.J. et. al., Neurology 45, 1863-1866 (1995).

[0033] Two further sequence variations frdm controls were identified, one at position
369 of SEQ ID NO:6, comprising a C to T and leading to a Tyr123 silent mutation,
and the second at position 377, also comprising C to T, and causing 5Pr0126Leu
substitution. Prol26 is deleted in the rat Cx40 homologue (Figure 2) and occurs
within the intracytoplasmic loop of Cx40, a region of known variability between

connexin proteins (Kanno, S. & Saffitz, J.E., Cardiovasc. Pathol. 10, 169, 2001).

[0034] Therefore, the present invention provides a method of detecting cardiac
arrhythmia, or the potential for cardiac arrhythmia, in a subject comprising,
determining whether there is a mutation in the nucleotide sequence of connexin4(
(Cx40) obtained from the subject. Preferébly, the mutation in the nucleotide sequence
of Cx40 modifies intracellular trafficking, electrochemical couialing, or both modifies
intracellular trafficking and electrochemical coupling, for example but not limited to
one or more than one mutation, within one or more than one transmembrane domain
region, including between amino acids 20-42, 76-98, 160-183 and 206-230 of Cx40
(e.g. see Figures le, and 2a). Non-limiting examples of mutations within

transmembrane domain regions include, but are not limited to substitution of amino

acid:
- glycine to aspartate at position 38 of Cx40 (Gly38Asp; see Figure 1c);
- proline to serine at position 88 of Cx40(Pro88Ser; see Figure 1a);
- alanine to serine at position 96 of Cx40 (Ala96Ser; see Figure 1d), or

- methionine to valine at position 163 of Cx40 (Met163Val; see figure 1b).

PCT/CA2005/000646
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- [0035] Any method may be used to determine the nucleotide or amino acid sequence

of the Cx40 gene or protein. Non-limiting examples include, but are not limited to
comparing the nucleotide sequence of Cx40 obtained from the subject, to a nucleotide
sequence of Cx40 obtained from a healthy patient, using nucleicacid arrays (e.g.
DNA chip) comprising one or more than one nucleotide sequence encoding one or
more than one mutation in Cx40 and probing the chip with either RNA or DNA
obtained from the subject, PCR, LCR or SNP assays known to detect single nucleic |
acid changes obtained from the subject, or other techniques as would be known in the
art for detecting modification in a nucleotide sequence. Alterations within the amino
acid sequence of Cx40 may also be used to determnine one or more than one mutation
within Cx40. Methods to identify such changes include, but are not limited to
epitope-based screens, monoclonal anﬁbodieé, antibody based assays, ELISA, or
western analysis, as would be knoﬁn to one of skill in'the art (e.g. Sambrook et al.,
Molecular Cloning, A Laboratory Manual 2nd ed. 1989; Ausubel et al., eds., Current
Protocols in Molecular Biology, 1994)

[0036] Samples obtained from the subject for use in the above method, may be may
be obtained from heart tissue, or blood, using methods as known in the art. For
example ventricular sampling methods may be employed to obtain a sample of heart
tissue, or the sample may be obtained from blood that is obtained within the heart, for
example an atrial blood sample. However, it is also considered within the scope of

the present invention that a blood sample may be obtained from other regions of the
body.

[0037] The present invention also provides for a method of detecting cardiac
arrhythmia or the potential for cardiac arrhythmia in a subject comprising,
determining whether there is a mutation in the nucleotide sequence of connexin40

(Cx40) obtained from the subject using a nucleic acid array comprising one or more

than one modified Cx40 nucleic acid. Preferably, the one or morethan one nucleic

acid comprises a mutation in the nucleotide sequence of Cx40 that encodes a protein
resulting in a modification in intracellular tratficking, electrical coupling, or both. For
example, which is not to be considered limiting, the one or more than one nucleic acid

encodes a'mo‘diﬁed Cx40 protein comprising a mutation within one or more than one
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transmembrane domain region, including between amino acids 20-42, 76-98, 160-183

and 206-230 of Cx40 (Figures le, and 2a). Non-limiting examples of mutations

within transmembrane domain regions include, but are not limited to, substitution of

amino acid:

- glycine to aspartate at position 38 of Cx40 (Gly38Asp; see Figure 1c¢);

- proline to serine at position 88 of Cx40(Pro88Ser; see Figure 1a);

- alanine to serine at position 96 of Qx40 (Ala96Ser; see Figure ld), or

- methionine to valire at position 163 of Cx40 (Met163Val; see figure 1b).

The nucleic acid array may comprise a full length Cx40 nucleic acid sequence
encoding the one or more than one mutation, or it may comprise fragments of the
Cx40 nucleic acid sequence encoding the one or more than one mutation. For
example, the array may comprise separate nucleic acids sequences éncoding mutations
within one or more than one transmembrane domain, nucleic acid fragments that
encode one or more than one mutation between amino acids 20-42, 76-98, 160-183
and 206-230 of Cx40, or nucleic acid fragments that encode glycine to aspartate at
position 38 of Cx40 (Gly38Asp), proline to serine at position 88 of Cx40 (Pro88Ser),
alanine to serine at position 96 of Cx40 (Ala96Ser), methionine to valine at position
163 of Cx40 (Met163Val), or a combination thereof. The nucleic acid array may
comprise a nucleotides sequence or fragments of nucleotide sequences comprising a T

at nucleotide position 262, an A at position 113, a G at position 487, a T at position
286, or a combination thereof, of Cx40 (SEQ ID NO:6, wt Cx40).

[0038] Therefore, according to the present invention there is provided a method of
detecting cardiac arrhythmia, or the potential for cardiac arrhythmia, in a subject
comprising, determining whether there is a mutation in the nucleotide sequence, the
amino acid sequence, or both, of connexin40 obtained from the subject. The presence
of the mutation may be determined using standard techniques as would be know to
one of skill in the art (e.g. Sambrook et al., Molecular Cloning, A Laboratory Manual
2nd ed. 1989; Ausubel et al., eds., Current Protocols in Molecular Biology, 1994),



CA 02563264 2012-02-15

WO 2005/105997 PCT/CA2005/000646

10

15

20

25

14

for example using a method selected

from the group consisting of:

- comparing the nucleotide sequence of connexin40 obtained from the subject
to a nucleotide sequence of connexind4( obtained from a healthy patient using a

sequence comparison, for example BLAST analysis using default parameters,

- comparing the nucleotide sequence of connexin40 obtained from the subject
to a nucleotide sequence of connexin40 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using PCR,

- comparing the nucleotide sequence of connexin40 obtained from the subject
to a nucleotide sequence of connexind0 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using LCR, .

- comparing the nucleotide sequence of connexin40 obtained from the subject
to a nucleotide sequence of connexin40 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using SNP analysis,

- comparing the nucleotide se‘quence of connexin40 obtained from the subject
to a nucleotide sequence of connexin40 obtained from a healthy patient, or otherwise

determining if there is a mutation in Cx40, using a nucleic acid array,

- comparing the amino acid sequence of connexin40 obtained from the subject

- to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using an epitope-based assay,

- comparing the amino acid sequence of connexin40 obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using a monoclonal antibody,

- comparing the amino acid sequence of connexin40 obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using an ELISA assay; and
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- comparing the amino acid sequence of connexin40 obtained from the subject
to an amino acid sequence of connexin40 obtained from a healthy patient, or

otherwise determining if there is a mutation in Cx40, using western analysis.

[0039] With reference to Figures3a and 4a, it can be seen that expression of

nucleotide sequence encoding wild-type (wt) Cx40 (wtCx40; SEQ ID NO:6) in a gap
junctional communication-deficient cell line, neuroblastoma (N2A, obtained from the
ATCC) cells (see example 2), is localized at the cell membrane and localized to sites
of cell-to-cell contact. Furthermore gap junction plaques are readily observed in N2A
cells expressing wtCx40 (Figures 3a, 4a). These observations are noted with either

the expression of wtCx40, or a wt Cx40 tagged with green fluorescence protein

(wtCx40-GFP; Figure 3a, 4a).

[0040] However, expression of modified Cx40, comprising the Pro88Ser (Figures 3b,
4b), or Gly38Asp (Figures 4c, 4i) mutations, within N2A cells results in the
distribution of Cx40 in a random manner throughout the cell with no gap junction
formation. These results are indicative of impaired intracellular trafficking. Impaired
intracellular trafficking is also observed when Pro88Ser Cx40 -GFP (a tagged mutant
Cx40) 1s expressed in N2A cells (Figure 3c¢). Cells expressing Ala96Ser also
demonstrated increased intracellular localization, however, gap junction plaques were
present in similar amounts to wtCx40 (Figure 4e). These findings indicate that
impaired trafficking of mutant Cx40 protein to the cell surface may provide a
functional mechanism of deficient interceliular coupling causative for disease in
patients harboring Cx40 mutations. Cells expressing Met163Val revealed both

subcellular localization and gap junction plaque formation similar to wtCx40 (Figure

4g).

[0041]} Co-expression of Pro88Ser Cx40-GFP (mutant Cx40) and untagged wtCx40,
(wild type Cx40) in N2A cells produced visible gap junction plaques at the cell
membrane (Figure 3d). These results suggests that impaired intracellular trafficking
associated with a mutant Cx40 comprising the Pro88Ser mutation is rescued in the
presence of wiCx40. Without wishing to be bound by theory, theseresults suggest that

these cells also produced heteromeric mutant-wt gap junctions.
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[0042] Therefore, the present iﬁ\;enjtion-prSVildé‘sﬁaU'i‘fiﬁiéfhod of detecting cardiac
arrhythmia, or the potential for cardiac arrhythmia, in a subject comprising,
determining whether intracellular trafficking is modified. If desired, a finding of
modified intracellular trafficking may be followed by a determination as to whether

there is a mutation in the nucleotide sequence of connexin40 (Cx40) as described

above.

[0043] To assess the intercellular electrical coupling properties of wt and mutant
Cx40 proteins, electrophysiological recordings were performed on paired N2A cells
demonstrating visible gap junction plaques, when possible. No visible plaques were
observed for cells expressing GFP-tagged Pro88Ser mutant Cx40 and consistently
resulted in the absence of functional gap junction coupling (Figure 5a; Table 2,
Example 3). This data associated with the Pro88Ser mutant is consistent with the
cellular and electrophysiological findings of the parallel Cx50 disease-causing

Pro88Ser mutation responsible for familial cataracts (Pal J.D., et. al, 4m. J. Physiol

276, C1443, 1999).

[0044] In cell pairs expressing Gly38Asp mutant protein, cellcell coupling occurred
at a significantly reduced junctional conductance (compared to wtCx40), despite the
absence of visible gap junction ﬁlaques (Table 2, Example 3). In 2 cell pairs that

demonstrated gap junction plaques, the coupling conductances were similar to those
of wtCx40. Without wishing to be bound by theory, this latter result suggests that the
functional consequence of theGin 8Asp mutation may be predominantly related to

impaired tratficking to the cell surface and reduced gap junction formation rather than

impaired coupling properties.

10045] Paired cells with visible gap junction plaques expressing Ala96Ser
consistently demonstrated absent or weak cell-cell coupling compared to wtCx40
(Table 2, Example 3). Without wishing to be bound be theory, this finding suggests
that the Ala96Ser mutation may significantly impair functional cell-cell coupling, in

addition to demonstrating impaired trafficking to the cell surface.

PCT/CA2005/000646
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]0046] Paired cells expressing Met163Val demdnétfated cell coupling properties
similar to wtCx40 (Table 2, Example 3). Without wishing to be bound bytheory, this

observation suggests that this mutation may represent a benign polymorphism.

[0047] The ability of wild-type human Cx40 and mutant Cx40 to inducez gap
junctional coupling in Xenopus oocyte pairs was investigated. In these experiments,
Xenopus oocytes were injected with cRNA for wild-type Cx40, mutant Cx40, or a 1:1
mixture of wildtype and mutant. The Pro88Ser mutant completely inhibited the
activity of co-expressed wild-type Cx40 (Figure 5¢). Similarly, co-expression of

Ala96Ser with wild-type Cx40 éigniﬁoanﬂy reduced gap junctional conductance
(Figure 5c¢).

[0048] The Ala96Ser mutation was the only mutation detected in lymphocytes as well
as heart tissue, indicating this was a germline mutation. The Cx40 gene from the
immediate family members of this affected individual was sequenced for this
mutation. The mutation was absenf from the patient’s wife, but present in their 2
sons, ages 40 and 42, who did not yet have a history of atrial fibrillation. However,
surface electrocardiography demonstrated si gnificantly abnormal P-wave duration in
the carrier sons, similar to their father’s P wave prior to atrial fibrillation onset at age
41 (Figure 6). Surface electrocardiographic P-wave duration is a known predictor of
atrial fibrillation (Dilaveris P.E., et. al.,, 4m. Heart J. 135, 733; 1998). As is common
with arrhythmias known to have a genetic cause, clinical latency for the condition is
usual. Therefore, these results suggest that detection of a modification within the

Cx40 sequence reveals a potential for developing cardiac arrhythmia.

[0049] Further functional data was obtained using electrophysiologic studies of paired
cells co-expressing wiCx40 along with GFP, or expressing a fused wtCx40-GFP
construct. As shown in Figure 5a, intercellular coupling and voltage-dependant gating
i1s observed in cells expressing wtCx40 (along with, or fused to, GFP). Recordings
from paired cells expressing mutant Pro88Ser Cx40 consistently resulted in the
absence of functional gap junction coupling displaying impaired electrical coupling

(Figure 5b; also see Example 3).
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[0050] Theretore, the present invention provides a method of detecting cardiac
arrhythmia, or the potential for cardiac arrhythmia, in a subject comprising,
determining whether there is modified electrical coupling within a sample obtained
from the subject. If desired, a finding of impaired electrical coupling may be verified

by determining if there is a mutation in the nucleotide sequence of connexin40 (Cx40)
i

as described above.

[0051] High-resolution electrical mapping studies &uring AF have documented
multiple reentry circuits as a fundamental component for perpetuation of the
arrhythmia (Konings K.T., et. al., Circulation 89, 1665, 1994;. Cox J.L.,et. al., J.
Thorac. Cardiovasc. Surg. 101, 406, 1991). The myocardial substrate for reentry
initiation 1s dependant on regional variability in conduction velocity, creating a
localized asymmetry in the depolarizing current wavefront through zones of tissue
(Spach, M.S., & Josephson M.E.,J. Cardiovasc. Electrophysiol; S, 182, 1994). Such
a substrate promotes reentry, whereby depolarizing wavefronts continually reenter
themselves. Since cell-to-cell coupling of depolarizing current is mediated only at gap
junctions, the biophysical properties of gap junctions are critical in ensuring normal -

myocardial conduction (Kanno, S., & Saffitz, J.E., Cardiovasc. Pathol 10, 169,
2001).

[0052] Without wishirig to be bound by theory, nlyocardium harboring a population
of cells containing mutant Cx40 protein that adversely effects electrical coupling
could give rise to heterogeneous regions of tissue conduction, providing an
arrhythmogenic substrate predisposing the atria to micro-reentry arrhythmias. Studies
of Cx40-deficient mice demonstrate intra-atrial conduction delay and an increased
vulnerability to atrial arrhythmias, confirming Cx40 as an important determinant of
normal atrial electrophysiology (Hagendorff, A., et. al., Circulation 99, 1508-1515,
1999; Verheule, Set. Al., J. Cardiovasc. Electrophysiol. 10, 1380-1389, 1999). Thus,
modification of Cx40 function may prove more efficacious in the medical

management of human atrial fibrillation than currently available therapy targeting

sarcolemmal ion channels.
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[0053] The uncommon oocunﬁ'en’ce of familial AF suggests that germline mutations of
disease-causing genes may be associated with human embryonic lethality. In the
context of Cx40 mutations, lethality might arise due to cardiac malformations, as have
been observed in Cx40-deficient mice (Gu, H., et. al., Circ. Res. 93, 201206, 2003).
The data presented herein indicates that common diseases traditionally considered as

“idiopathic”, may have a genetic basis that is confined to the diseased tissue.

[0054] Cells, such as but not limited to neuroblastoma N2A cells, that have been
modified to express Pro88Ser Cx40 or Pro88Ser Cx40-GFP (for example as described
in Examples 2 and 3), may be used for the basis of a drug screening assay, to screen
compounds that maybe useful in restoring gap junction plaque formation, intracellular
trafficking, intracellular coupling, or a combination thereof. Any suitable method
may be used to determine gap junction plaque formation, intracellular trafﬁcking, or
intracellular coupling, including visual and electrophysiolgical methods as described
herein. However, it is to be understood that other methods known to one of skill in
the art may also be used, including methods that may be used for screening a large

volume of compounds using cell-based assays. Examples of such method include, but

- are not limited to that described in WO 03/063891 .

[0055]) Therefore, the present invention also provides a method of identifying a

compound for the treatment of cardiac arrhythmia comprising,

- providing a cell culture expressing a modified connexin40, the cell culture
exhibiting impaired intracellular trafficking, impairedl electrical coupling, reduced gap

junction plaque formation, reduced intracellular coupling, or a combination thereof,

- when compared to a wild-type cell

- adding the compound to the cell culture; and

- determining if intracellular trafficking is improved, electrical coupling is

- improved, gap junction plaques are formed, intracellular coupling is improved, or a

combination thereof, when compared to an untreated cell culture expressing the
modified Cx40.
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For example, the modified Cx40 may comprises one or more than one mutation
within a transmembrane domain, one or more than one mutation between amino acids
20-42, 76-98, 160-183 and 206-230 of Cx40, or comprises one or more than one of
the following substitutions: Pro88Ser, Met163Val, Ala96Ser, or Gly38Asp.

[0056] The isolation and characterization of a biologically active, modified Cx40, for
example but not limited to Cx40 with one or more than one mutation within a
transmembrane domain, one or more than one mutation between amino acids 20-42,
76-98, 160-183 and 206-230 of Cx40, or Pro88Ser Cx40, Met163Val Cx40, Ala96Ser
Cx40 or Gly38Asp Cx40, provides a means for assaying for inhibitors and activators
of gap junctions that comprise Cx40. Such activators and inhibitors identified using
the above assay system can be used to further study intracellular trafficking, gap
junction formation or intracellular coupling. Such activators and inhibitors are useful
as pharmaceutical agents for treating diseases involving Cx40, including but not |
limit;:d to cardiac arrhythmia. Modulators are also useful as protective agents to
prevent arrthythmias. Furthermore, methods of detecting Cx40 modified nucleic acids
and polypeptides are also useful for diagnostic applications for diseases involving
abnormal gap junction activity as described above. Any compounds identified using
the methods of the present invention may be formulated with appropriate
pharmaceuticaﬂy acceptable carriers and administered in any convenient manner, for
example but not limited to, orally, by transdermal patch, by inj ection, or gene therapy,

as would be known to one of skill in the art.

[0057] The present invention also provides nucleic acids and methods for treating
cells that express modified Cx40, for example, cells expressing Pro88Ser Cx40,
Met163Val Cx40, Ala96Ser Cx40 or Gly38Asp Cx40. Such methods may include the
transfection of cells in vitro and in vivo with wild type Cx40, or a portion of wtCx40,
for example that encodes Pro88, Met163, Ala96 or Gly33, as required. Nucleic acids
encoding wtCx40, or a fragment thereof, can be inserted into any of a number of well-
known vectors for the transfection of target cells and organisms as described below.
The nucleic acids are transfected into cells, exvivo or in vivo, through the interaction
of the vector and the target cell. Expression of the wtCx40 or a portion thereof, under

the control of a suitable promoter, thereby mitigates the effects of expression of the
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modified Cx40 gene. The conipositions are administered to a patient in an amount
sufficient to elicit a therapeutic response in the patient. For a review of gene therapy
procedures see Anderson (Science 256:808-813, 1992), Nabel and Felgner (TIBTECH
11:211-217, 1993), Mitani and Caskey (TIBTECH 11:162-166, 1993), Mulligan
(Science 926-932, 1993), Dillon (TIBTECH 11:167-175, 1993), Miller (Nature

357:455-460, 1992), and Van Brunt (Biotechnology 6(10):1149-1154, 1998).

[0058] Non-viral vector delivery systems include DNA plasmids, naked nucleic acid,
and nucleic acid complexed with a delivery vehicle such as a liposome. Viral vector
delivery systems include DNA and RNA viruses, which have either episomal or
integrated genomes after delivery to the cell. Methods of non-viral delivery of nucleic
acids include lipofection (e.g. US 5,049,386; US 4,946,787; U.S. 4,897,355),

microinjection, biolistics, virosomes,
liposomes, imfnunoliposomes, polycation or lipid:nucleic acid conjugates, naked
DNA, artificial virions, and agent-enhanced uptake of DNA as is known to one of |
skill in the art (see for example Krieglef, Gene Transfer and Expression: A Laboratory
Manuai (1990); and Current Protocels in Molecular Biology (Ausubel et al., eds.,
1994),

[0059] Conventional viral based systems for the delivery of nucleic acids include
retroviral, lentivirus, adenoviral, adeno-associated and herpes simple);: virus vectors
for gene transfer. Integration in the host genome is possible with the rétrovirus,
lentivirus, and adeno-associated virus gene transfer methods, often resulting in long-

term expression of the inserted transgene. Additionally, high transduction efficiencies

have been observed in many different cell types and target tissues. Widely used
retroviral vectors include those based upon murine leukemia virus (MuLV), gibbon
ape leukemia virus (GaL V), simian immunodeficiency virus (SIV), and combinations
thereof (see, e.g., Buchscher et al., J. Virol. 66:2731-2739 (1992); Johann et al., J.
Virol. 66:1635-1640 (1992); Sommerfelt et al., Virol. 176:58-59 (1990); Wilson et al.,
J. Virol. 63:2374-2378 (1989); Miller et al., J. Virol. 65:2220-2224 (1 991)). pLASN

and MFG-S are examples are retroviral vectors that have been used in clinical trials

(Dunbar et al., Blood 85:3048-305 (1995); Kohn et al., Nat, Med. 1:1017-102 ( 1995);
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Malech et al., Proc. Natl. Acad. Sci. U.S.A. 94:22 12133-12138 (1997)).

[0060] It may be desired that the vector be delivered with a high degree of specificity
to a particular tissue type, for example cardiac atrial tissue. A viral vector may be
modified o have specificity for a given cell type by expressing a ligand as a fusion
protein with a viral coat protein on the viruses outer surface. The ligand is chosen to
have affinity for a receptor known to be present on the cell type of interest.

Gene therapy vectors can be delivered in vivo by administration to an individual
patient, typically by systemic administration (e.g., intravenous, intraperitoneal,
intramuscular, subdermal, or intracranial infusion) or topical application.
Alternatively, vectors can be delivered to cells ex vivo, such as cells explanted from an
individual patient (e.g., lymphocytes, bone marrow aspirates, tissue biopsy) or -
universal donor hematopoietic stem cells, followed by reimplantation of the cells into

a patient, usually after selection for cells which have incorporated the vector.

[0061] In mammalian host cells, a number of viral-based expression systems may be
utilized. In cases where an adenovirus is used as an expression vector, the Cx40 gene
product coding sequence of interest may be ligated to an adenovirus transcription-
translation control complex, e.g., the late promoter and tripartite leader sequence. This
chimeric gene may then be inserted in the adenovirus genome by in vitro orin vivo
recombination. Insertion in a non-essential region of the viral genome (e.g., region El
or E3) will result in a recombinant virus that is viable and capable of expressing the
Cx40 gene product in infected hosts (e.g., See Logan and Shenk, 1984, Proc. Natl.
Acad. Sci. USA 81, 3655-3659). Specific

initiation signals may also be required for efficient translation of inserted Cx40 gene
product coding sequences. These signals include the ATG initiation codon and
adjacent sequences. In cases where an entire Cx40 gene, inchiding its own initiation
codon and adjacent sequences, is inserted into the appropriate expression vector, no
additional translational control signals may be needed. However, in cases where only
a portion of the Cx40 gene coding sequence is inserted, exo genous translational
control signals, including, perhaps, the ATG initiation codon, must be provided.

Furthermore, the initiation codon must be in phase with the reading frame of the
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desired coding sequence to ensure translation of the entire insert. These exogenous
translational control signals and initiation codons can be of a variety of origins, both
natural and synthetic. The efficiency of expression may be enhanced by the inclusion

of appropriate transcription enhancer elements, franscription ferminators, etc. (see
Bittner, et al., 1987, Methods in Enzymol. 153, 516-544).

[0062] Therefore, the present invention also provides a method of restoring
intracellular trafficking, or electrical coupling in cells that are deficient in gap
junctions comprising, introducing a wild type connexin40 gene, or a portion thereof,
into the cells, Iand expressing the wild type connexin40 gene, or a portion thereof

within the cells.
[0063] The present invention will be further illustrated in the following examples.
Examples

[0064] This invention relies on routine techniques in the field of recombinant
genetics. Basic texts disclosing the general methods of use in this invention include
Sambrook et al., Molecular Cloning, A Laboratory Manual (2nd ed. 1989); Kriegler,
Gene Transfer and Expression: A Laboratory Mar_lual (1990); and Current Protocols in
Molecular Biology (Ausubel et al., eds., 1994).

Study Subjects

[0065] All samples used in this study were collected with informed consent and were
approved for study by institutional review boards from the University of Western
Ontario and the University of Ottawa Heart Institute.

[0066] The diagnosis of “idiopathic” atrial fibrillation was based upon the following

criteria: i) the documentation of the arrhythmia on 12-lead electrocardiogram, ii) the

- absence of structural heart disease as determined by 2-dimensional echocardiographic

imaging, and iii) no family history of cardiac arthythmias. .

Example 1: Genomic DNA analysis
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[0067] Genomic DNA was isolated from resected cardiac tissue from 15 “idiopathic”
atrial fibrillation (AF) patients who had undergone surgery for disease management'’.
All patients developed AF at age < 55 years (range 33.54), and were refractory to

multiple medications.

Genomic DNA extraction

[0068] Genomic DNA from cardiac tissue was extracted from formalin-fixed,
paraffin-embedded tissue sections. Tissue was de-paraffinized in xylene, followed by

a 98% ethanol wash. Samples were dried and re-suspended in 2X proteinase K

digestion buffer with 250 pg/ml of proteinase K and incubated for 3 days at 55°C.
DNA wa;s then isolated using a phenol-chloroform extraction and re-suspended in
sterile water. A second set of tissue sections had genomic DNA extracted using the
DNAeasy Extraction Kit (Qiagen) for use in independent PCR reactions. Extraction
of genomic DNA from peripheral blood lymphocytes was performed usingthe
phenol-chloroform method in affected patients or the FlexiGene DNA kit (Qiag’en) in

normal controls.

[0069] All cloning experiments were performed using TOPO TA cloning system
(Invitrogen Life Technologies) according to the manufacturer’s recommendations.

Plasmid clones were prepared using the Qiagen Miniprep Plasmid Purification system

[0070] Sequencing of the gene encoding Cx40 identified heterozygous mutations 1n
cardiac tissue from 6 of 15 patients (Table 1).

Table 1A: Connexin 40 mutation status and characteristics in patients with
idiopathic atrial fibrillation (Pt, patient. LA, left atrial free wall. LAA, left atrial
appendage. LV, left ventricle. RA, right atrial free wall. RAA, right atrial appendage.
RV, right ventricle. None, no mutations detected).

| Pt Sex | Ageat Sourrce(s) of Sa-mples ~ | Nucleotide I Amino Acid change
Jl onset change
l'T' ™M |47 LA None | nome
2 | M |49 |RA | 882C=>T | (none) Asp294Asp |
3 F 48 1 LAA, LAT RA | None none -
| 4 M | 36 LA, RA None | none -
5 [F |48 LA, RA,LV,WBC  |262C=>T | Pro88Ser _
6 | ™M |41  |LARA ]286G=>T | Ala9%Ser
7 |M |53 |LAALA,RA,WBC  262C=3T Pro88Ser
§ |M |46 |RA | | None _:_| none ‘
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713G > A* Gly38Val
487A = G* Metl163Val

Nowe __ mome
None  [moms |
262C=> T Pro88Ser
. 882C =T (none) Asp294Asp
* Gly38Val and Met163Val were not detected from RV tissue sample.
[0071]
Mutation Screening

[0072] Primers were designed to amplify the coding sequence of GJAS (Cx40) which
is present entirely within exon 2 of the gene. Initial mutation screening was performed
by direct sequencing following nested PCR amplification of genomic DNA isolated
from cardiac specimens. PCR amplicons were purified using the QiaQuick*PCR
Purification kit (Qiagen) and directly sequenced using BigDye Terminator on an ABI
377 or ABI 3100 sequencer (ABI). Detected mutations on sequencing chromatograms
were confirmed by PCR amplification and sequencing of independently extracted
genomic DNA. In addtion to GJAS, the coding regions for GIA1 (Cx43) and GJAT

(Cx45), which did not detect sequence variations, were also sequenced.

{0073] The somatic Pro88Ser mutation was further confirmed for patients 7 and 11 by
3 additional methods:

i) Since 2 mutations (P88S and A96S) were identified within the 2nd
transmembrane region of Cx40, a mutation detection assay was developed for this
region using denaturing gradient gel electrophoresis (DGGE). Using WinMelt™
software (BioRad, Hercules, CA), the theoretical melting profile of a 254bp fragment
spanning the TM2 region and the DNA sequence for P88 was determined. Only one
low melt domain for this fragment in the presence of a 40 bpGCclamp attached to our
reverse primer. Ten microliters of the primary PCR product was electrophoresed at
80V{(constant) for 14hrs at 60 degrees C through a 10% acrylamide gel, with a 40-
80% linear gradient of urea-formamide as a denaturant according to the

manufacturer’s directions using the DCoderm system (BioRad). Gels were silver

stained and a characteristic banding pattern suggestive of mutation was noted for

Trademark*
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patients 7 and 11. Individual silx‘f?er-stained bands were excised (using a fresh razor 2
blade for each band) and solubilized in 20ul ddFRO at RT overnight. Five microliters

of each extract was reamplified using the same primers (without GC-clamp) and

sequenced;

ii) subcloning of the entire Cx40 coding sequence followed by restriction
enzyme digestion with HypCH4 IV of positively selected clones liberated a novel 331
bp product caused by the 262C T transition in the mutant allele, as detected on 2%

agarose gel electrophoresis and confirmed by direct sequencing; and

iii) subcloning of a 254 bp PCR product with direct sequencing of multiple

clones confirming the presence of mutant allele in a minority fraction of alleles (Table

1B).

[0074] To confirm that tissue specimens of patients 7 and 11 coincided with

lymphocyte specimens, all respective samples were genotyped for the Cx40 flanking

polymorphic markers D1S442, D1S305, D152707, and D1S2844. Consistent

genotype profiles existed for all specimens specific to patient 7 or patient 11. Unique
alleles at each marker were noted for each patient, confirming they are not

descendents of a common founder. The somatic Gly38Asp and Met163Val mutations

were also further confirmed by sublconing of PCR products and direct sequencing to

identity mutant clones (Table 1B).

Table 1B: Connexind0 clones from patients with somatic mutation.

| Pt# | Sex | Source of | JT# of clones | Mutant Clones %
Samples analyzed | |
7 | Male LA 24 - | Pro88Ser:5(21%) |
9 | Female | RAA |10 | Gly38Asp:2 (20%)
Met163Val:3 (30%) |
T [ Male | RA 38 | Pro88Ser:13(34%)

Pt, patienf. LA, left atrial free wall. RA, right atrial free wall. RAA, right atrial appendage.

[0075] A common 262C—T mutation, predicting a Pro88Ser substitution, was
identified in 4 patients (see Figure 1). Allelic subcloning from selected cardiac tissue

specimens revealed a mutant allele frequency in the range of 14-22%. This represents

PCT/CA2005/000646
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a conservative estimate of the aliele frequenc} from cardiac myocytes owing to the
presence of various cell types in the tissue specimens (data not shown). An additional

patient harbored 2 non-allelic mutations, as determined by subcloning, leading to

Gly38Val (113G—A) and Met163Val (487A— Q@) substitutions. Sequencing of DNA
from peripheral lymphocytes of these patients showed no evidence of mutation,

indicating a somatic source of the genetic defects. Cardiac specimens from a sixth

patient demonstrated a 286G—T mutation, predicting an Ala96Ser amino acid

change. This mutation was also identified from lymphocyte DNA.

[0076] Cross-species comparison of Cx40 shows a > 80% homology of protein and
protein-encoding DNA sequence, reflecting the evolutionary conservation of the Cx40

protein and gene structure (Figure 2).
Example 2: Expressioni of modified Cx40 in neurobalstoma cells

[0077] To determine the functional significance of Cx40 mutations, wild-type (wt) or
mutant Cx40 proteins were expressed in a gap junctional communication-deficient:

cell line, neuroblastoma (N2A) cells, as described below.

Expression of Cx40 constructs and expression in N2A cells

[0078] Human wtCx40 coding sequence was amplified from commercially available
genomic DNA (BD Biosciences). The PCR products were cloned into the TOPO 2.1
vector (Invitrogen). Using the wiCx40 clone as a template, Gly38Asp, Pro88Ser,
Ala96Ser, and Metl63Val mutations were introduced by site-directed mutagenesis
using the QuickChange mutagenesis kit (Stratagene). Clones were sequenced
completely to confirm the mutation and exclude any other sequence variants that may

have been introduced during PCR amplification.

[0079] For expression studies, wt and Cx40 mutants were subcloned into the
pcDNA3.1(-) vector (Invitrogen). In order to engi“neer GFP-tagged wtCx40 and the
Cx40 mutants, the pEGFP-N vector (Clontech) was used. DNA sequence analysis
confirmed that the fusion constructs contained sequence encoding a 9 amino acid

peptide linking wtCx40 or the Cx40 mutant sequences to GFP.
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[0080] N2A cells (obtained from the ATCC) were grown in 35 mm culture dishes to
50-70% confluency in DMEM containing 10%FBS, 100 U/ml of penicillin and 100
Mg/ml of streptomycin. Cells were transfected in OptiMEM medium containing
Lipofectamine 2000 and 2 g of the Cx40 or mutant Cx40 expression vectors mixed
with 0.5 pg of the pEGFP expression vector to denote cells that likely received the
wild-type or mutant connexin. In other experiments, cells were transfected with 21
of constructs encoding GFPtagged wtCx40 or the Cx40 mutant vectors. In all cases,
after 48hs post-transfection cells were immunolabelled for microscopy, or studied

using patch-clamp techniques.

Immunofluorescent labeling and Confocal Microscopy

[0081] N2A cells expressing wtCx40 or Cx40 mutants were fixed at -200C in 80%
methanol/20% acetone for 20 min prior to immunolabeling with 1/100 dilution of
rabbit anti-Cx40 antibody (Chemicon) followed by a 1/200 dilution of anti-rabbit IgG
conjugated to Texas red (Jackson ImmunoResearch laboratories, Inc.).
Immunolabeled N2A cells and cells expressing wtCx40 or Cx40 mutants tagged to
GFP were imaged on a Zeiss LSM 510 META confocal microscope. Fluorescent and
transmitted light images were acquired and stored under conditions where GFP was

pseudo-colored green and Texas red was assigned a red color.

[0082] N2A cells expressing wtCx40 (SEQ ID NO:6; Figure 3a), or wtCx40 tagged
with green fluorescent protein (wtCx40-GFP, insert) showed predominant subcellular
localization of the fluorescent tagged Cx40 to sites of celkcell contact (Figure 3a,
arrows) and 1s localized at the cell membrane. Furthermore gap juncfion plaques are
readily observed in N2A cells expressing wtCx40 (Figures 3a, 4a). Gap junction
plaques are found with either the expression of wtCx40, or a wt Cx40 tagged with
green fluorescence protein (wtCx40-GFP; Figure 3a, 4a).

[0083] In contrast, N2A cells expressing mutant ProéSSer Cx40 (Figures 3b, 4b),
GFP-tagged mutant Pro88Ser Cx40 (Figure 3c), or Gly38Asp (Figures 4c, 4i)
mutations, results in the distribution of Cx40 in a random manner throughout the cell

with no gap junction formation. These results are indicative of impaired intracellular

trafficking.
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[0084] Cells expressing Ala96Ser also demonstrafea;‘ iﬂcreased intracellular
localization, however, gap junction plaques were present in similar amounts to
witCx40 (Figure 4€). These findings indicate that impaired trafficking of mutant Cx40
protein to the cell surface may provide a functional mechanism of deficient
intercellular coupling causative for disease in patients harboring Cx40 mutations.

Cells expressing Met163Val revealed both subcellular localization and gap junction

plaque formation similar to wtCx40 (Figure 4g).

[0085] Co-expression of tagged mutant Cx40 (mutant Pro88Ser Cx40-GFP) and
untagged wtCx40, in N2A cells, mimicking the heterozygous cell condition, resulted

in the formation of visible gap junction plaques at the cell membrane (Figure 3d).
This observation suggests that irﬁpaired intracellular trafficking of the mutant Cx40 in

the presence of wtCx40 is rescued, along with the formation of heteromeric mutant/wt

gap junctions.

Example 3: Electrophysiologic studies of paired cells

[0086] Intercellular electrical coupling properties of wt, and mutant Cx40 proteins
was assed using paired N2A cells demonstrating visible gap junction plaques as

obtained using the methods described in Example 2.

Electrophysiolgical recordings

[0087] A coverslip with low density N2A cells was placed in a recording chamber

and perfused with a solution containing (in mM): NaCl 140, KCl1 5, CsCl 2, CaCl 2,
MgCl, 1, Hepes 5, D-glucose 5, pyruvate 2, and BaCl, 1, at pH=7.4. N2A cells were
visualized via an inverted phase-contrast microscope (Leica DMIRB). GFP positive
cell pairs were identified aﬁd selected for dual, whole cell, voltage-clamp recording
(Axopatch 200B, Axon Intruments Inc.). To facilitate functional testing, cell pairs
with visible plaques at the cell-cell junction were selected. Recordings were carried
out at room temperature. The recording pipette had a resistence of 3-5 M when filled
with an internal solution containing (in mM): CsCl 130, EGTA 10, CaCk 0.5, MgATP
3, Na2ATP 2, and Hepes 10, at pH=-7.2 with CsOH. The current signal was digitized at
a sampling rate of 1-2 kHz via a Digidata 1322a (Axon Instruments Inc.) and analyzed

using pClamp9 software. Each cell of a pair was initidly held at a common holding
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potential of 0 mV. To evaluate junctional coupling:'”'.% 00 msec hyperpolarizing pulses
to -30 mV were applied to one cell, from the holding potential of 0 mV, to establish a
transjunctional voltage gradient (Vj), while the junctional current was measured in the

second cell. Macroscopic functional conductance (gj) was calculated, as:
gj = Li/ Vi,

where I; is the measured functional current and Vij is the transjunctional voltage. Low

coupled pairs of N2A cells, where unitary gap junctioh channelmediated currents

were readily identifiable, were analyzed further for all-point amplitude histograms and

single channel conductances.

[0088] No visible plaques were observed for cells expressing GFP-tagged Pro88Ser
mutant Cx40, resulting in the absence of functional gap junction coupling (F igure 5a;
Table 2. Recordings from paired cells expressing mutant Pro88Ser Cx40 consistently
résulted in the absence of functional gap juhqtion coupling displaying impaired
electrical coupling (Figure 5b). Intercellular coupling and voltage—depehdant gating is

observed in cells expressing wtCx40 (along with, or fused to, GFP).

Table 2. Dual whole-cell voltage clamp recordings from N2A cells transfected
with human wtCx40 and Pro88Ser Cx40 mutant.

’_—"_ N2A cell transfection ~ | _cou;;ied/tf_sted | G+ SEM (nS)* ___I

" Co-transfection with wt Cx40 - 16/31 o 17543

| GFP Pro88Ser Cx40 1/30 1.0

" GFP-tagged WCx40 2929 | 16521 |

" Pro88Ser 0/18 - None

| Ala9%Ser | 731 | 1.8%05
Gly38Asp 1718 | 57+1.6

| Met163Val 222 | 17.8%2.6

*@; represents the junctional conductance of coupled cell pairs only.

[0089] In cell pairs expressing Gly38Asp mutant protein, and the absence of visible

gap junction plaques, cell-cell coupling occurred at a significantly reduced junctional

conductance (compared to wtCx40; Table 2). In 2 cell pairs that demonstrated gap

junction plaques, the coupling conductances were similar to those of wtCx40. Paired

cells with visible gap junction plaques expressing Ala96Ser consistently demonstrated
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absent or weak cell-cell couplin g compared to wiCx40 (Table 2). Paired cells
expressing Met163Val exhibited cell coupling properties similar to wtCx40 (Table 2).

Xenpous oocytes

[0090] Cx40 mutants that exhibited electrophysiological evidence of impaired gap
junctional coupling and wi Cx40were tested for their ability to induce gap junctional
coupling in Xenopus oocyte pairs. In these experiments, Xenopus oocytes were
injected with cRNA for wild-type Cx40, mutant Cx40, or a 1:1 mixture of wildtype

and mutant as described below.

[0091] For Xenopus oocyte studies, sequence confirmed wt or mutant Cx40 PCR

- products were subcloned into the SP6TII RNA expression vector. The plasmids were

linearized with Sal 1, and capped RNAs were synthesized using the mMessage
mMachine SP6 in vitro transcription kit (Ambion, Austin, TX) according to the
manufacturer's instructions. The amount of RNA was quantitated by measuring the

- absorbance at 260 nm. Following injection of Xenopus oocytes with cRNA for

wtCx40, mutant Cx40 or a 1:1 ratio of wt:mutant and incubation for 24-48 hours at
18° C, the oocytes were devitellinized and paired.. Gap junctional coupling was

measured using a double two-microelectrode-voltage-clamp technique 24 hours later:

[0092] Antisense-treated oocytes injected with Pro88Ser mutant completely inhibited
the activity of co-expressed wild-type Cx40 (Figure 5c). Similarly, co-expression of
Ala96Ser with wild-type Cx40 significantly reduced gap junctional conductance
(Figure 5c¢).

PCT/CA2005/000646
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WHAT IS CLAIMED IS:

1. A method of detecting cardiac arrhythmia, or a potential for cardiac
arrhythmia in a subject comprising, determining whether there is a mutation in the
nucleotide sequence, the amino acid sequence, or both, of connexin40 obtained from
the subject, wherein the mutation in the nucleotide sequence, the amino acid

sequence, or both comprises a Pro88Ser mutation, an Ala96Ser mutation, or a
Gly38Asp mutation in connexin4( defined by SEQ ID NO:1.

2. The method of claim 1, wherein the nucleotide sequence of connexin40 is

determined from a blood sample, or a heart tissue sample, obtained from the subject.

3. A method of identifying a compound for the treatment of cardiac arrhythmia
comprising,

- providing a cell culture expressing a modified connexin4(), the
modified connexin4Q comprising a Pro88Ser mutation, an Ala96Ser mutation or a
Gly38Asp mutation in SEQ ID NO:1, the cell culture exhibiting impaired intracellular
trafficking, impaired electrical coupling, reduced gap junction plaque formation,
reduced intracellular coupling, or a combination thereof, when compared to a cell
expressing wild-type conexin40 defined by SEQ 1D NO:1;

- adding the compound to the cell culture; and

- determining if intracellular trafficking is improved, electrical coupling
is improved, gap junction plaques are formed, intracellular coupling is improved, or a
combination thereof, when compared to an untreated cell culture expressing the

modified Cx40.

4, An isolated nucleic acid encoding a modified connexin40, the modified
connexind40 comprising a Pro88Ser mutation, an Ala96Ser mutation or a Gly38Asp
mutation in SEQ ID NO:1.

d. A nucleic acid array comprising one or more than one of the nucleic acids of

claim 4.
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6. A method of detecting cardiac arrhythmia, or a potential for cardiac
arrhythmia in a subject comprising, obtaining a nucleic acid sample comprising
genomic DNA from the subject and hybridizing the nucleic acid sample with the
nucleic acid array of claim 5, wherein hybridization of the nucleic acid sample to the
nucleic acid array indicates cardiac arrhythmia or a potential for cardiac arrhythmia in

the subject.

7. The method of claim 6, wherein the nucleic acid sample is obtained from

blood or heart tissue of the subject.

8. Use of a nucleic acid encoding connexin40 defined by SEQ ID NO:1 for the

production of a medicament for restoring intracellular trafficking in a cell that is
deficient in gap junctions, said cell comprising a Pro88Ser mutation, an Ala96Ser

mutation or a Gly38 Asp mutation in SEQ ID NO:1.

9. A moditied connexin4( protein produced from the isolated nucleic acid of

claim 4.

10.  Anisolated, modified connexin4( protein comprising a Pro88Ser mutation, an
Ala96Ser mutation or a Gly38Asp mutation in SEQ ID NO:1.
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CACNAGCCATTTGGCGATGGAGCTTCTGGGAAATTCCTGGAGGAAGTACACAAGCACTC
G—ACCGTGGTAGGCAGGGTCTGGCTCACTGTCCTC'TTCATATTCCGTATGCTCGTGCTGG
GCACAGCTGCTGAGTCTTCCTGGGGGGATGAGCAGGCTGATTTCCGGTGTGATACGATT
CAGCCTGGCTGCCAGAATGTCTGCTACGACCAGGCTTTCCCC‘ATCTCCCACATTCGCTA

CTGGETGCTGCAGATCATCTTCGTCTCCACGC CCTCTCTGGTGTACATGGGCCACGCCA

TGCACACTGTGCGCAIGCAGGAGAAGCGCAAGCTACGGGAGGCCGAGAGGGCCAAAGAG
GTCCGGGGCTCTGGCTCTTACGAGTACCCGGTGGCAGAGAAGGCAGAACTGTCCTGCTG

GGAGGAAGGGAATGGAAGGATTGCCCTCCAGGGCACTCTGCTCAACACCTATGTGTGCA

CTATAACGTATCCCGGTCCCACAGAGAAGAACGTCTNCACTGNCTTNATGCTGGCTGGE
GNNGCACTGACCCNCCNCCNTAGNCNGGCTGAACNCTACCACCTGGGCTGGAAGAAGAT
oA GACAGCGATTNGGCAAACCGNGGNAGCACANGGCTAAGTGCCAGCNANCNGGNCCCT
CTENGGGCATAGNCCAGAGCNGNACACCANCCCCCGACNAAAAAACAGNGCCNGGAGAA
NEGNCCNGGGGGAAAAAACNACAAACCCTNARGNNAAAAAARAGGCCNCCCAACARAAC

ACACACAACCNGGNCNCCGANCAAGNACGAGGGCAG GAGCAGAACNCCGGGGGAAGGNA
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NACNAGCCANTTGGCGATGGAGCTNCTGGGAAATTCCTGGAGGAAGTACACAAGCACTC
CACCGTGETAGECAAGGCTCTGECTCACTGTCCTCTTCATATTCCGTATGCTCGTGCTG
COCACAGCTGCTGAGTCTTCCTGEGGEGATGAGCAGECTGATTTCCGGTGTGATACGAT
TOAGCCTCGCTGCCAGAATGTCTGCTACGACCAGGCTTTCCCCATCTCCCACATTCGCT
ACTGGEGTGCTGCAGATCATCTTCGTCTCCACGTCCTCTCTGGTGTACATGGGCCACGCC
<ATGCACACTGTGCGCATGCAGGAGAAGCéCAAGCTACGGGAGGCCGAGAGGGCCAAAGA
4 OTOCGAGGOTCTGECTCTTACCACTACCCAGTGGCAGAGAAGGCAGAACTGTCCTGCT
COCAGCEARCGEAATGGAAGGATTGCCCTCCAGGETCACTCTGCTCAACACCTATGTGTG
CAGCATCCTGATCCGCACCACCATGGAGGTGGGCTTCATTGTGGGCCAGTACTTCATCT
ACGGAATCTTCCTGACCACCCTGCATGTCTGCCGCAGGAGTCCCTGGCCCCACCGGACA
ACTGTAACGTATCCCGECCCACAGAGAAGAATGTCTCCATGTCTTAAAGCTGGCTGNGG
NNGCACTECCCONCCTCOTNAGCCNGNCTGAACNCNACCANCTGGGCTGGAAGAAGATC
AGACAGCGATTCCACAAANCGNGGECAGCACANGGNNAAGTGCCAGTCNNNCAGGCCCCN
CAGGECGCATAGACCAGAGCAGNACGCCANCCCCCGANAAAAANAGGGNCAGNAGAAAG
GccCNGGGGGAAAAAACCANATNCccﬁNCAGTAANAAAGANGGGNCNcCCAACAAAANA
CAG@AAAANCNGGNCACCGAATCAAGGACGAGGACAGGAGCNGACACCGGGGGAAGGAA:

TNANCCAGGANCGTNAAGGTCAGAATCCNGAGGAGCCAAAGGAGN

Figure 2d
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