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ATP7A Gene Addition to the Choroid Plexus
Results in Long-term Rescue of the Lethal Copper
Transport Defect in a Menkes Disease Mouse Model
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Menkes disease is a lethal infantile neurodegenerative
disorder of copper metabolism caused by mutations in
a P-type ATPase, ATP7A. Currently available treatment
(daily subcutaneous copper injections) is not entirely
effective in the majority of affected individuals. The
mottled-brindled (mo-br) mouse recapitulates the Men-
kes phenotype, including abnormal copper transport to
the brain owing to mutation in the murine homolog,
Atp7a, and dies by 14 days of age. We documented
that mo-br mice on C57BL/6 background were not res-
cued by peripheral copper administration, and used this
model to evaluate brain-directed therapies. Neonatal
mo-br mice received lateral ventricle injections of either
adeno-associated virus serotype 5 (AAVS5) harboring a
reduced-size human ATP7A (rsATP7A) complementary
DNA (cDNA), copper chloride, or both. AAV5-rsATP7A
showed selective transduction of choroid plexus epithe-
lia and AAV5-rsATP7A plus copper combination treat-
ment rescued mo-br mice; 86% survived to weaning
(21 days), median survival increased to 43 days, 37%
lived beyond 100 days, and 22% survived to the study
end point (300 days). This synergistic treatment effect
correlated with increased brain copper levels, enhanced
activity of dopamine-B-hydroxylase, a copper-depen-
dent enzyme, and correction of brain pathology. Our
findings provide the first definitive evidence that gene
therapy may have clinical utility in the treatment of
Menkes disease.
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INTRODUCTION
Menkes disease (MIM 309400) is an X-linked recessive disor-
der of copper metabolism caused by mutations in the copper-

transporting P-type ATPase, ATP7A."* ATP7A has vital roles in
absorption of copper across the intestinal mucosa and transport
across the blood-brain and blood-cerebrospinal fluid barriers.>”
In addition to cellular export of copper, ATP7A conveys copper
from the cytosol into the frans-Golgi network,® where it is pack-
aged into copper-dependent enzymes undergoing maturation in
the secretory pathway, including dopamine--hydroxylase, lysyl
oxidase, peptidylglycine-o-amidating monooxygenase, and
tyrosinase. ATP7A also appears critical for proper axonal devel-
opment, synaptogenesis, and neuronal activation via N-methyl-
D-aspartate receptor modulation.”'2

Even under ideal circumstances, ~75% of Menkes disease
infants treated with subcutaneous copper injections show sub-
optimal clinical outcomes'® and therefore alternative remedies
are needed. Emerging molecular correlations indicate that
Menkes disease infants with profound loss-of-function ATP7A
mutations are particularly less likely to respond favorably to
early copper treatment.">' Since, we previously documented
low copper levels in brain and cerebrospinal fluid of Menkes
disease infants,” even after very early institution of copper
injections,® we sought to evaluate novel brain-directed treat-
ment strategies, including gene therapy. Such approaches could
be relevant to Menkes disease patients with severe mutations
for whom response to conventional treatment is predicted to
be suboptimal. In addition, there are two allelic variants of
Menkes disease, occipital horn syndrome and ATP7A-related
distal motor neuropathy, for which gene transfer strategies
may be appropriate.’>'® There are no currently available treat-
ments to ameliorate the connective tissue and peripheral ner-
vous system abnormalities, respectively, that characterize these
variants.

The mottled-brindled (mo-br) mouse provides a useful ani-
mal model of Menkes disease in which to evaluate brain-directed
approaches preclinically. Mo-br mice (Figure 1a) have a 6bp
deletion in Atp7a, the murine homolog of ATP7A, resulting in a
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mutant Atp7a protein lacking two highly conserved amino acids
(Figure 1b)."'® Affected mice show decreased coat pigmentation,
tremor, general inactivity, severely reduced copper levels in liver
and brain, decreased copper enzyme activities, and death by 14
days of age.”” We evaluated the clinical, biochemical, pathologi-
cal, and neurobehavioral effects of brain-directed therapies in this

Gene Therapy in Menkes Disease Mouse Model

RESULTS

Characterization of the mo-br allele

Previous studies indicated that lifespan in mo-br mice (Figure 1a)
was lengthened by intraperitoneal copper injections,” and that
normal viability could be restored by a single injection adminis-
tered on postnatal day 7.*** The genetic background of mice in

model. those experiments was not reported, however, and Atp7a™**" was

moved to The Jackson Laboratory’s C57BL/6 background (http://
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Figure 1 Characterization of C57BL/6-Atp7a™ " mouse model of Menkes disease. (a) Mutant (gray coat color) and wild-type (black coat color)
12-day pups with a heterozygote female mother (mottled coat color). (b) Conservation among eukaryotic species of amino acid residues 799 (ala-
nine) and 800 (leucine), which are deleted in Atp7a™*". (c) On copper-deficient solid media, yeast transformation indicated partial complementation
of the S. cerevisiae copper transport mutant, ccc2A, by Atp7am?. Plating pattern (clockwise from 12 O’clock) of the S. cerevisiae copper transport
mutant ccc2A transformed with: wild-type human ATP7A (sections 1 and 2); an empty vector (sections 3 and 4); rsATP7A used as the adeno-associated
virus serotype 5 (AAVS5) transgene (sections 5 and 6); Atp7a™*" (sections 7 and 8); and wild-type mouse Atp7a (sections 9 and 10). The Atp7am
allele showed faint growth consistent with partial complementation. The rsATP7A allele restored growth nearly as well as either the wild type mouse
or the wild type human copper ATPase. (d) Yeast complementation growth assay. Growth of various ATP7A alleles expressed in ccc2A, and cultured in
copper-deficient media. The wild-type ATP7A allele complemented ccc2A efficiently, as did the rsAP7A used as the AAV5 transgene in brain-directed
treatments of mo-br mice. The rsAP7A showed copper transport capacity ~80% compared to wild type in this growth assay. In contrast, the Atp7am-
allele, which lacks two highly conserved amino acids, showed <15% copper transport function compared to wild type. Transformation with an
ATP7A allele harboring deletion of exons 20-23 (del ex20-23), included as a negative control, did not complement ccc2A. Mock-transformed ccc2A
also failed to grow, as expected. (e) Intracellular localization of Venus-tagged Atp7a (upper row) and Atp7a™*" (lower row) following transfection
of human embryonic kidney-293 (HEK-293T) cells. Both alleles show trans-Golgi localization as noted by overlap of the ATP7A signal with TGN46,
a trans-Golgi marker (merge + DAPI column). DAPI, 4’,6 diamidino-2-phenylindole, dihydrochloride nuclear counterstain. (f) Kaplan—-Meier survival
curve indicating failure of intraperitoneal (i.p.) copper chloride (dose = 10 ug/g body weight on postnatal day 7) to rescue mo-br males.
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jaxmice.jax.org/strain/000664.html). More recently, we became
aware that, on a mixed CBA/C3H background, this allele could
be rescued by subcutaneous or intraperitoneal copper injections
(J. Mercer, Deakin University, Burwood, Victoria, Australia, per-
sonal communication, 3 February 2009), suggesting an influence
of genetic modifiers on response to systemic treatment.

Given that mo-br mice on unknown and heterogeneous back-
grounds had been rescued by peripheral copper treatment,** we
suspected that Atp7a™" possessed partial copper transport capac-
ity. To explore this, we characterized the mutation through several
means. Yeast complementation assays showed weak cross-correc-
tion of the Saccharomyces cerevisiae copper transport knockout,
ccc2A (Figure 1c,d). Transfection of human embryonic kid-
ney-293 (HEK-293T) cells with Venus-tagged Atp7a™"" showed
proper intracellular localization at the trans-Golgi network com-
parable to wild-type Atp7a (Figure le), whereas relocalization to
the plasma membrane in response to copper was impaired (data
not shown), confirming previous results.’* Western blot analysis
revealed normal size and quantity of the mutant protein in brain
(data not shown), also confirming results from an earlier study.'®
Taken together, these findings indicate that Afp7a™* drastically
impairs, but may not eliminate, copper transport.

In the mice for our experiments, the Atp7a™ " allele was
maintained on a homogenous C57BL/6 background, and intra-
peritoneal copper administration at doses reported previously by
others?>* failed to extend lifespan (Figure 1f).

Brain-directed therapy in mo-br mice

We injected the lateral cerebral ventricles of neonatal mo-br
C57BL/6 mice with either recombinant adeno-associated virus
serotype 5 (AAV5) (Figure 2a) harboring a reduced-size comple-
mentary DNA (cDNA) of the human homolog, ATP7A (rsATP7A,
Figure 2b), copper (as CuCl,), or both. The cDNA was modified
due to AAV packaging limits and included the final two of six
N-terminal copper-binding motifs. For transgene detection pur-
poses, a 6xHis-tag was inserted after the initial methionine (M461
in the normal ATP7A sequence?) (Figure 2a). The total size of the
AAV construct was 4.9kb.

Since other evolutionary versions of this P-type ATPase con-
tain copper-binding motifs ranging in number from one to six,**
we anticipated that the rsATP7A allele with two N-terminal cop-
per-binding sites would retain copper transport function. This
was confirmed in yeast complementation assays, which indicated
~80% of normal copper transport capacity (Figure 1c,d). The
CuCl, dose (50ng total) was extrapolated from the maximum
tolerated dose of intracerebroventricular copper histidine we pre-
viously determined in adult rats,” adjusted for differences in cere-
brospinal fluid volume.

Mo-br males without treatment showed a mean survival of
13.3 + 0.87 days, which was not significantly different than for
affected mice treated with 10 pg/g body weight of intraperito-
neal copper (Figure 1f). Lateral ventricle injections of AAV5-
rsATP7A gene therapy alone, or copper alone each extended
lifespan slightly (P < 0.001, and P < 0.01, respectively) but none
survived to weaning (21 days) (Figure 2¢c). However, combining
these two brain-directed treatments (AAV5+Cu) resulted in a
large synergistic effect and rescue of mo-br males: 86% survived
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to weaning, median survival increased to 43 days, 37% lived
beyond 100 days, and 22% survived to the study end point of
300 days (P = 0.00001, Figure 2d). Replacement of the rsATP7A
transgene in AAV5 with green fluorescent protein (GFP) cDNA
eliminated the rescue effect (Figure 2d, green circles).

Because of the natural history of untreated mo-br (death
by 14 days of age), we sacrificed animals from each group at 12
days of age to analyze brain biochemistry and neuropathology.
Brain copper levels in 12-day untreated mutants were less than
25% of wild type (Figure 2e). Brain-directed copper treatment
alone increased brain copper slightly in the mutants, whereas
AAV5+Cu treatment increased brain copper to ~50% of wild type
(P =0.03) (Figure 2e). Brain ratios of dihydroxyphenylacetic acid:
dihydroxyphenylglycol (DOPAC: DHPG) (Figure 2f) were mark-
edly increased in untreated mo-br mutants, reflecting dopamine-
B-hydroxylase deficiency, similar to the neurochemical patterns in
cerebrospinal fluid and plasma of infants with Menkes disease.'**
Neurochemical ratios in mo-br brain improved with both individ-
ual treatments, but were significantly different from the untreated
mutant group only in response to AAV5+Cu (P=0.01) (Figure 2f).
In untreated mo-br mice, mean activity of brain cytochrome ¢ oxi-
dase (CCO), a mitochondrial cuproenzyme, was ~15% compared
to wild type and increased to ~25% in all three treatment groups
(Figure 2g). In contrast, the activity of Cu/Zn superoxide dis-
mutase, a cytosolic enzyme, was ~80% of normal and treatment
did not significantly enhance activity (Supplementary Figure
S1), consistent with previous findings.”

Untreated mo-br mice showed scattered pyknotic neurons
in the cerebral cortex and hippocampus at 12 days (Figure 3a).
In a more detailed analysis (Figure 3b), we found a statistically
significant higher percentage of abnormal pyknotic hippocampal
neurons in untreated mutant mice (P < 0.00001) compared to wild
type. The difference in abnormal neurons between AAV5+Cu
combination-treated mice and the wild-type group was not statis-
tically significant (P = 0.07). Diminished axonal development in
the cerebral cortex, as measured by Bielschowsky silver staining,
was also evident in 12 day untreated and, to a lesser extent, in the
combination-treated mutant brains in 12-day untreated mutants
(Figure 3a). Electron microscopy revealed swollen dendrites with
fibrillar disorganization and pale mitochondria (Figure 3a). In
contrast, 12-day AAV5+Cu combination-treated mutants dis-
played minimal ultrastructural pathology (Figure 3a).

Selective transduction of choroid plexus epithelia

by AAV5-rsATP7A

To clarify the mechanism of the mo-br rescue, we assessed the
expression pattern of rsATP7A in 12-day-old mice treated with
AAV5. Despite inclusion in the cDNA of sequence for a 6x-His tag
(Figure 2a), we did not detect the transgene protein in brain sec-
tions by immunohistochemical staining with anti-His antibodies,
presumably due to cleavage of the 6x-His tag or inadequate assay
sensitivity. Because Atp7a™*" protein is not degraded' and high
homology exists between human ATP7A and murine Atp7a*,
rsATP7A cannot be distinguished from Atp7a™®" in immunohis-
tochemical specimens with an anti-ATP7A antibody.” Instead, we
evaluated the transduction pattern with the cDNA for GFP substi-
tuted for rsATP7A in our AAV5 construct. The treatment conditions
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Figure 2 Brain-directed treatment strategy. (a) Elements of the adeno-associated virus serotype 5 (AAV5) construct. Flanked by inverted terminal
repeat (ITR) motifs, the AAV5 construct includes a cytomegalovirus (CMV) enhancer, chicken B-actin (CBA) promotor, and complementary DNA (cDNA)
for a reduced-size version (3.1kb) of ATP7A (rsATP7A) beginning with amino acid residue 461, necessary due to AAV packaging size limit (~5kb). The
sequence for a 6x-His tag (CACCACCACCACCACCAC) was inserted immediately inside the ATG for methionine 461. The rabbit -globin polyadenyla-
tion (polyA) signal terminates transcription. The entire AAV5-rsATP7A construct size was 4.9 kb. (b) Model of ATP7A with the shaded area indicating the
segment removed, including the first four of six amino-terminal copper-binding sites, to generate rsATP7A. The red asterisk denotes location of the mo-br
mutation (deletion of two conserved amino acids). (c) Kaplan—Meier survival curve indicating slight lengthening of lifespan with each individual brain-
directed treatment. (d) Kaplan-Meier survival curve indicating synergy of intracerebroventricular AAV5+Cu therapy (lavender) in rescue of the mo-br
mouse (P = 0.00001 compared to untreated mo-br mutants). Replacement of rsATP7A with GFP (green circles) eliminated the survival benefit. (e) Brain
copper levels at 12 days of age, by treatment category. Only AAV5+Cu combination-treated mo-br mice showed significantly higher copper levels in
comparison to untreated mo-br mice (P < 0.03). (f) Brain catechol ratios at 12 days of age, by treatment category. Only AAV5+Cu combination-treated
mo-br mice showed significantly lower ratios, indicative of improved dopamine-B-hydroxylase activity (P < 0.01). (g) Brain cytochrome c oxidase activity
at 12 days of age, by treatment category. All treatment groups showed significantly increased activity compared to untreated mo-br mice.
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Figure 3 Brain pathology findings. (a) Twelve-day cerebral cortex and hippocampus in wild type, untreated mo-br, and combination-treated mo-br
mice. Untreated mutants showed abnormal neurons with pyknotic nuclei (yellow arrows), which were not obvious in wild type or AAV5+Cu mo-br
mice. Bielschowsky silver stain indicated minimal axonal development in untreated 12-day mo-br mice compared to wild type, whereas AAV5+Cu
combination treatment was associated with early developing axons (arrows). Electron micrographs of untreated 12-day mo-br brain cortex showed
palely stained mitochondria (yellow arrows) and swollen dendrites and reduced neurofilament density (blue arrows). The latter ultrastructural abnor-
mality was also noted occasionally in the AAV5+Cu-treated 12-day mo-br mice. Scale bars indicate 25um in hematoxylin and eosin (H&E) panels,
200 um in silver-stained slides, and 500 nm in electron micrographs. The images shown are representative of each treatment group based on patho-
logic analysis of at least four mice in each category. (b) Quantitation of abnormal pyknotic hippocampal neurons. Untreated mo-br mice show a
markedly higher percentage of abnormal hippocampal neurons compared to wild type and AAV5+Cu combination-treated mo-br mice. Error bars
reflect standard error of the mean. AAVS5, adeno-associated virus serotype 5.
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Figure 4 Selective transduction of choroid plexus epithelia.
(a) Transduction of choroid plexus epithelia by AAV5-GFP. Low power
(Scale bar = 160um) and (c) high power (Scale bar = 40pm) views of
the lateral ventricle and choroid plexus (arrow) from a 12-day-old wild
type mouse brain stained with anti-GFP, to define the transduction pat-
tern of AAVS5 in these experiments. The same transduction pattern was
evident in AAV5-GFP+Cu treated mo-br mice. (b) Reverse transcriptase
(RT)-PCR and PCR confirm selective choroid plexus transduction by
AAV5-rsATP7A. RT-PCR in mice 2,060 and 2,061 shows amplification of
the 166bp expected transgene product (yellow arrow) only in choroid
plexus RNA samples. The transgene product was also detected in the
choroid plexus RNA specimen from 2,060 without reverse transcription
(lane 2,060 —RT).

remained identical. GFP was detectable in a small proportion of
choroid plexus epithelial cells in the lateral ventricles using a poly-
clonal anti-GFP antibody (Figure 4a,b). These experiments demon-
strated that AAV’5 tropism was restricted to choroid plexus epithelia
in wild type and mo-br mice, without discernible transduction of
neurons or microglia (Figure 4a), as noted previously with intrac-
erebroventricular administration of AAV5 by others.?
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Using an established technique, we also isolated choroid
plexus tissue from the lateral ventricles of 12-day-old mice treated
with AAV5-rsATP7A as newborns. We extracted total RNA from
the choroid plexuses, as well as from cerebral cortex and cerebel-
lum samples from these mice and performed reverse transcriptase
(RT)-PCR to assess rsATP7A transgene expression. As expected,
the RT-PCR product corresponding to the transgene was present
only in choroid plexus samples (Figure 4c). The transgene PCR
product was also detected in a choroid plexus RNA sample with-
out RT (Figure 4c, lane 2060 -RT), consistent with retention of
some AAV5-rsATP7A vector genomic DNA during RNA purifi-
cation. In sum, these data confirmed selective transduction of the
choroid plexus by AAV5-rsATP7A.

Long-term growth and neurobehavioral
outcome of treatment
Weight gain in a subset (N = 12 at start) of AAV5+Cu-treated
mutants paralleled but was slightly less robust than in normal
littermates (Figure 5a). In a larger group (N = 19 at start) of
AAV5+Cu-treated mo-br mice, we assessed neurobehavioral func-
tion. Beginning at age 25 days and up to 300 days, we performed
weekly neurobehavioral phenotyping, using the wire hang test to
evaluate neuromuscular strength and a constant speed rotarod
test to measure balance and motor coordination (Figure 5b,c).
Since gross motor function is often impacted in Menkes dis-
ease patients," we anticipated that motor delays in surviving mo-br
mice were possible. Indeed, rescued mice performed less well than
wild-type littermates on both tests (Figure 5b,c), although a trend
toward improvement with age was evident, particularly on the
wire hang test (Figure 5b). The transient decline in rotarod per-
formance between 40 and 75 days of age (Figure 5¢) may have
reflected relative difficulty in adjusting to this test by rescued
mo-br mutants during a rapid growth period (Figure 5a).
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Figure 5 Long-term growth and neurobehavioral testing. (a) Weight
gain in combination-treated mo-br mutants paralleled that for wild-type
littermates (gray squares). (b) Wire hang and (c) rotarod test results.
Tests were performed weekly beginning at 25 days of age, with three
trials per time point, and used a 60 seconds maximum. AAVS5, adeno-
associated virus serotype 5.

We sought to correlate these functional deficits in balance
and motor coordination with neuropathological effects in long-
surviving mo-br mice. By 300 days, AAV5+Cu-treated mutants
showed evidence of extensive myelination indistinguishable from
wild type (Figure 6a) and there were minimal cortical ultrastruc-
tural abnormalities (Figure 6b). To evaluate effects in the cerebel-
lum, a brain region particularly sensitive to copper deficiency,
we scored mitochondrial morphology in 107 Purkinje cells from
electron micrographs of a 300-day AAV5+Cu-treated mutant and
265 Purkinje cells from two normal littermates. No increase in
mitochondrial pathology was evident in the mutant animal (data
not shown). However, evaluation of a larger number of 300-day
old animals (six AAV5+Cu-treated mo-br and five wild-type
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controls) with routine hematoxylin and eosin staining of brain
sections suggested increased Purkinje cell loss in the mutant ani-
mals (Figure 6c). Because Purkinje cells are crucial for motor
coordination, these latter findings could be highly relevant to the
rescued animals’ suboptimal performance on the rotarod.

DISCUSSION

Our results provide mechanistic insights concerning efficacious
brain-directed treatment of a mouse model for Menkes disease,
a lethal genetic disorder of copper metabolism. Whereas both
individual brain-directed treatments extended mo-br lifespan
slightly (Figure 2¢) and improved neurotransmitter ratios mod-
estly (Figure 2f), only copper treatment increased brain copper
levels (Figure 2e). These cumulative results suggested that the two
therapies had different effects: copper injections increasing total
copper available to the brain, and AAV5 gene therapy improv-
ing copper utilization. We hypothesized that combining the two
therapies would yield a synergistic effect. Indeed, combination
therapy dramatically enhanced survival, as demonstrated in the
AAV5+Cu treatment group (Figure 2d).

This study represents the first application of gene therapy for
Menkes disease. This neurometabolic condition might be consid-
ered an unlikely candidate for gene therapy because ATP7A is a
large transmembrane protein, expressed ubiquitously, and not
secreted. However, our data in mo-br mice suggest that bolstering
copper transport activity at the blood-cerebrospinal fluid barrier,
together with repletion of cerebrospinal fluid copper, is sufficient
for vastly improved outcomes. The trend toward improvement
in tests of neuromuscular strength and balance observed as res-
cued mice became older (Figure 5b,c) suggests that AAV5+Cu
provided the potential for near normal, albeit delayed, neurologic
maturation in some mo-br mice.

Our findings also advance the concept that choroid plexus epi-
thelia are critically important for central nervous system copper
homeostasis, and highlight the possibility that these cells, which
form the blood-cerebrospinal fluid barrier, represent a useful
therapeutic avenue for amelioration of other inherited neuromet-
abolic diseases. Restriction of AAV5 transduction to the choroid
plexus epithelia (Figure 4) is consistent with previous evaluation
of the AAV5 transduction profile after lateral ventricle injection.”
In the present context, this finding implies that the mo-br rescue
results from improved copper retention in cerebrospinal fluid and
brain (Figure 2e) by expression of rsATP7A in these polarized
cells. Western blots of choroid plexus tissue to detect rsATP7A
protein proved difficult to interpret due to persistent high back-
ground staining in the molecular mass range expected for the
transgene product.

Choroid plexus epithelia have a very slow turnover rate com-
pared to other slow-renewing epithelia;* under normal condi-
tions, choroid plexus epithelia are not replaced in the mouse adult
life span. Thus, these nonreplicating cells are ideal targets for a
nonintegrating, episomal AAV vector capable of sustaining long-
term transgene expression.*

Polarized choroid plexus epithelia project their apical surfaces
into cerebrospinal fluid contained within the four intracerebral
ventricles, with the basolateral membranes adjoining the under-
lying vasculature.”® Prior studies have confirmed robust Atp7a
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Figure 6 Neuropathology in 300-day wild type and AAV5+Cu-treated mo-br mice. (a) Luxol fast blue staining for myelin indicated the expected
dense myelination of the corpus callosum (arrows) in sagittal brain sections from 300-day wild type and AAV5+Cu-treated mutants. Bar = 1 mm.
(b) At 300 days of age, electron micrographs of brain cortex showed minimal differences between an AAV5+Cu-treated mo-br mutant and a normal
littermate control. The combination-treated brains contained some dendrites with reduced neurofilament density and less organized architecture
(arrows), although 300-day wild-type brain also showed occasional dendrites with similar abnormalities (arrow). Three animal pairs were examined,
with representative results shown. Bar = 500 nm. (c) Cerebellar histopathology in wild type and 300-day AAV5+Cu-treated mo-br animals indicated
subtle differences in the Purkinje cell layer of the treated mutants. While many normal Purkinje neurons (yellow arrows) were visible in mo-br mice,
some regions of the Purkinje cell layer (boxed areas) showed few or no Purkinje neurons compared to wild type (boxed areas). These differences may

be relevant to mo-br rotarod performance. Bar = 50 um. AAV5, adeno-associated virus serotype 5.

expression in these cells.**~ ¢ Although ATP7A localizes to the
basolateral surfaces after copper loading in most polarized cells,**
we predict a reversal of copper ATPase sorting in choroid plexus
epithelia with resultant apical localization of ATP7A.* There is a
precedent for this phenomenon; Nat/K* ATPase localizes to the
apical rather than the basolateral membrane of the choroid plexus
epithelia.®®* All other polarized cells express Nat/K* ATPase
basolaterally. In addition, some cytoskeleton components exhibit
reversed polarity in choroid plexus epithelia.” Furthermore, study
of tissues and cerebrospinal fluid from a patient with ATP7A
somatic mosaicism strongly suggested that choroid plexus epithe-
lia mediate copper delivery to, rather than exodus from, the devel-
oping human brain.” Finally, the choroid plexus has been shown
to regulate brain uptake of manganese, indicating its crucial role
in central nervous system delivery of another paramagnetic tran-
sition metal.*’

We postulate that copper utilization for axon and synapse
development, neuronal activation, and metallation of
cuproenzymes in these mice was enabled by Atp7a™* residual
activity, improved delivery of brain copper by neuronal copper
chaperones, or via Atp7b, a closely related copper transporter.®
The capacity for complementarity between ATP7A and ATP7B in
the central nervous system remains obscure®” and represents an
important topic for future study.
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The brain catechol ratio results (Figures 2f) suggest that
dopamine-f3-hydroxylase and other copper enzymes processed in
the trans-Golgi compartment, such as peptidylglycine-ai-amidating
monooxygenase, can be metallated in mo-br brain if sufficient cop-
per is available. The cytosolic copper chaperone ATOXI1 ferries cop-
per to both ATP7A and ATP7B at the trans-Golgi membrane, their
default intracellular location. When metallated, peptidylglycine-o.-
amidating monooxygenase removes the carboxy-terminal glycine
residues of numerous neuroendocrine peptide precursors (e.g., gas-
trin, cholecystokinin, vasoactive intestinal peptide, corticotropin-
releasing hormone, thyrotropin-releasing hormone, calcitonin,
vasopressin, neuropeptide Y, pituitary adenylyl cyclase-activat-
ing polypeptide), and is required for neurogenesis and neuronal
survival.*!

In contrast to dopamine-B-hydroxylase, we did not observe
a clear synergistic effect of AAV5 gene therapy and copper treat-
ment in terms of CCO activity (Figure 2g). While the statistical
P value was most significant for AAV5+Cu, each of the individual
treatments significantly increased activity of this mitochondrial
copper enzyme in comparison to untreated controls (Figure 2g).
The reason for increased CCO activity with AAV5 treatment
alone remains unclear, because rsATP7A is not expected to par-
ticipate in copper delivery to the mitochondria, and also because
we found no evidence of neuronal transduction.

www.moleculartherapy.org vol. 19 no. 12 dec. 2011



© The American Society of Gene & Cell Therapy

The relatively low viral titer (2.5 x 10°) required for the success
described in these experiments is encouraging and also poten-
tially explains the incomplete correction of mo-br. We suspect
that minor differences in choroid plexus transduction efficiency
may have contributed to the variable life spans noted. Thus, fol-
low-up studies to evaluate further improvements in survival and
neurological outcomes using higher AAV5 concentrations will
be informative. Because the copper dose employed was based
on the maximum tolerated dose in adult rats,” this parameter is
less adjustable. Use of helper-dependent adenovirus as a brain-
directed gene transfer vector could also improve outcomes, given
its large cloning capacity (up to 37 kb) which would allow transfer
of the full-length human ATP7A, as well as its capacity for choroid
plexus transduction.*

The prospect of clinical gene therapy to ameliorate devastating
inherited neurometabolic diseases has intuitive appeal, although
concerns regarding the risk: benefit ratio of this approach remain.
Gene therapy with AAVs has already been employed in clinical
trials for human neurological disorders, including Parkinson’s
disease, late infantile neuronal ceroid lipofuscinosis, Leber’s
congenital amaurosis, and type 2D limb-girdle muscular dystro-
phy.**~* Based on the disease requirement, either brain-, retina-,
or muscle-directed approaches were applied. For future clinical
applications in Menkes disease, gene therapy that targets choroid
plexus epithelia theoretically could be accomplished via a single
intrathecal injection. In cases of ATP7A mutations previously
documented in Menkes disease patients who did not respond
optimally to early copper injection treatment,*'>'* the potential
clinical benefits of brain-directed gene therapy may outweigh the
potential risks.*

Our findings provide initial evidence that gene therapy may
have clinical utility in the treatment of human patients with Menkes
disease. AAV vectors with different serotypes such as AAV9 or
AAVRh10, which show broader neuronal tropism than AAV5 and
may gain access to the brain after peripheral administration**
could prove particularly suitable for this purpose. Further pre-
clinical studies to address these questions are warranted.

MATERIALS AND METHODS

Mice. C57BL/6-Atp7a™*" breeding pairs were obtained from Jackson
Laboratories (Bar Harbor, ME). Each breeding pair consisted of a female
heterozygous for the Atp7a™>" allele and a wild-type male. After the first
generation, breeding pairs consisted mainly of sib crosses. For experi-
ments, litters were culled to 4-5 pups. Shortly after birth, toe biopsies were
performed for genotyping and later identification. Genomic DNA was iso-
lated and the region containing the mo-br 6 bp deletion was amplified with
primers mo-br forward, 5-AAC ACT TTC TTT CTT CAG CAC-3, and
mo-br reverse, 5’-TGC TTG TAA TGA AAT TAG CTT GG-3". PCR con-
ditions were as follows: 94° for 5 minutes (1 cycle); 94° for 30 seconds, 60°
for 30 seconds, 72° for 30 seconds (35 cycles), and 72° for 7 minutes final
extension. The PCR product was digested with Haelll and electrophoresed
though a 2.5% agarose gel. All experimental procedures were approved by
the NICHD Animal Studies Committee.

Yeast complementation assays. The respective cDNA constructs were
generated and cloned into pYES plasmids which were used to transform
the S. cerevisiae copper transport mutant, ccc2A, as previously described.”
Transformed or mock-transformed strains were cultured in copper-limited
solid or liquid media and experiments were performed in triplicate.
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HEK-293T cell transfection. Full-length Atp7A cDNA was constructed by
RT-PCR using total RNA from wild-type mouse brain as template to gen-
erate three overlapping fragments. Site-directed mutagenesis was used to
generate the Atp7a™" allele, a deletion of six bases encoding amino acids
799 (Ala) and 800 (Leu). After sequence fidelity was confirmed, the cDNAs
were inserted between the SacI and Apal sites of pEYFP-C1 plasmids and
used, individually, for transfection of HEK-293T cells. Cells were viewed
by a confocal microscope (Zeiss 510; Carl Zeiss Microimaging, LLC,
Thornwood, NY) and images captured using META software. The trans-
fections were performed in duplicate and ~1,000 wildtype- and Atp7A™>
b_transfected cells were examined. DAPI nuclear counterstain (Electron
Microscopy Sciences, Fort Washington, PA) and an anti-TGN46 antibody
(Novus Biologicals, Littleton, CO) were used according to the manufactur-
ers instructions.

Western blot. Protein was isolated from the brains of wild type and
untreated mo-br mice and denatured by adding 5x loading buffer with 5%
B-mercaptoethanol (Quality Biological, Gaithersburg, MD), and heating at
50°C for 10 minutes. Samples (40 ug total protein) were electrophoresed
through 4-12% NOVEX Tris—-Glycerin SDS-polyacrylamide (Invitrogen,
Carlsbad, CA), and transferred to polyvinylidene fluoride membranes.
Membranes were incubated at 4 °C overnight in Tris-buffered saline block-
ing buffer [0.9% (vol/vol) NaCl, 20 mmol/l Tris/HCI, pH 7.5, 0.5% SDS
(vol/vol), 0.1% Tween 20 (vol/vol)] containing 5% (wt/vol) nonfat milk.
Blots were washed with Tris-buffered saline, then incubated for 3 hours
with a 1:1,000 dilution of a rabbit anti-ATP7A antibody raised against the
carboxy-terminal 18 amino acids (NH2-DKHSLLVGDFREDDDTAL-OH)
of human ATP7A (Antibody Solutions, Sunnyvale, CA). After washing,
membranes were incubated with anti-rabbit IgG horseradish peroxidase
conjugate (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hour
at room temperature, washed, and developed using SuperSignal West Pico
Luminol/Enhancer Solution (Pierce, Rockford, IL), according to the man-
ufacturer’s instructions. After membrane stripping, B-actin was detected
by blocking with a primary mouse anti-B-actin monoclonal antibody
conjugated with horseradish peroxidase (Santa Cruz Biotechnology) and
developed using an enhanced chemiluminescence reagent, as above.

Intraperitoneal copper injections. Six mo-br male mice received a single
intraperitoneal injection of CuCl, at a dose of 10 ug/g body weight (~50 pg)
on day 7 of life, as previously described.”"*

rAAV5-rsATP7A. A reduced-size human ATP7A cDNA (rsATP7A), was
amplified by from pAD-LOX-GFP-MNK (gift of Ann Hubbard) using
primers 5 GAGCCATGGACCACCATGCATCATCACCACCATCACCC
GCTTTTGACTTCAACTAAT-3" (forward), and 5-GAGAGCCCGGG
CGGCCGCGAATTCGAGCTCGGTACCCG-3" (reverse), and cloned
into pTR-CAGGS-Enh (gift of Mark Sands), downstream of the chicken
{3-actin promoter. Large scale production of plasmid was performed using
an Endo-free Plasmid Mega Kit (Qiagen, Valencia, CA). To producerAAV5,
HEK-293T cells were transfected with the calcium phosphate method.
Briefly, three plasmids were co-transfected in a 1:1:2 ratio: the rAAV plas-
mid, MMTVS5, and pRS449b. Cells were harvested at 72 hours, lysed by
free-thawing, and the lysate fractionated by CsCl centrifugation. Fractions
(500 ul) were assayed for viral content by quantitative PCR with primers
5’-CACCAGTTCAAGACAAGGAGG-3"and 5-CTTACTTCTGCCTTG
CCAGC-3". The virus-containing fractions were pooled, concentrated,
and dialyzed against lactated Ringer’s solution. Final virus concentration
was determined by real-time quantitative PCR on a MJ Research DNA
Engine Opticon instrument.

Intracerebroventricular injections. Injections were performed with
a 5pl Hamilton syringe fitted with a custom needle (32 gauge, 9.5mm
long, point 4) on day two or three of life. Lateral ventricle delivery with
this technique was confirmed in several animals by injection of 2%
toluidine blue solution (data not shown). CuCl, in a total dose of 50 ng
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(extrapolated from the maximum tolerated dose of copper in adult rats®
and adjusted for differences in cerebrospinal fluid volume) was adminis-
tered. CuCl, was diluted in 10 mmol/l Tris, 150 mmol/l NaCl, pH 7.5 to a
final concentration of 6.25 ng/ul. Four microliters were injected bilaterally
a depth of 2.5mm. Injections were administered at a point 2.5 mm ante-
rior to bregma and 2.0 mm lateral to the midline. For rAAV5 injections,
2 ul of virus (1.25 x 10° viral particles/pl) in lactated Ringer’s was injected
bilaterally. For mice receiving AAV5+Cu, the AAV5 injections were per-
formed on day two of life and the copper injections were performed on
day three of life.

Brain copper measurement. Copper levels in fresh frozen brains were
determined by graphite furnace atomic absorption and confirmed by
inductively coupled plasma mass spectrometry, as previously described.®

Brain neurochemical levels. Half of each brain was weighed and imme-
diately homogenized in 5-10 volumes of 0.4 N perchloric acid containing
0.1% ethylene diamine tetra-acetic acid. The homogenates were centri-
fuged and supernatant frozen at —70 °C until assay. Concentrations of brain
neurochemicals dihydroxyphenylacetic acid and dihydroxyphenylglycol
were determined by high-performance liquid chromatography with elec-
trochemical detection.

Copper enzyme assays. CCO and SOD1 assays were performed as previ-
ously described.®

Pathology. Mice were killed with CO, gas, and brains were promptly
removed. One hemisphere of each brain was fixed in 10% neutral buffered
formalin. Paraffin embedding was performed by Histoserve (Germantown,
MD). Sections (5-15 micron thickness) were stained with hemotoxylin
and eosin, Bielschowsky silver stain, or Luxol fast blue.

For electron microscopy, deep anesthesia was achieved with
pentobarbital in saline, and mice were perfused with phosphate-buffered
saline, followed by 4% paraformaldehyde in phosphate-buffered saline (pH
7.2) before brain removal. Brains were fixed with 2% OsO, in cacodylate
buffer for 2 hours, washed with 0.1 mol/l cacodylate buffer three times,
washed with water, and placed in 1% uranyl acetate for 1 hour. Brains were
then serially dehydrated in ethanol and propylene oxide, and embedded in
EMBed 812 resin (Electron Microscopy Sciences). Thin sections (~80 nm)
from frontal cortex or cerebellum were obtained with the Leica ultracut-
UCT ultramicrotome (Leica, Deerfield, IL), placed onto 300 mesh grids,
and stained with saturated uranyl acetate in 50% methanol and then with
lead citrate. Grids were viewed in a JEM-1200EXII electron microscope
(JEOL, Tokyo, Japan) at 80kV and images were recorded on the XR611-M
mid-mounted 10.5 megapixel CCD camera (Advanced Microscopy
Techniques, Danvers, MA). We examined 75-100 electron micrograph
images per treatment group and brain region.

Quantitation of hippocampal neuronal cell death. From hematoxylin and
eosin stained sagittal brain sections, 400-600 hippocampal neurons per
animal were scored as either normal or necrotic (defined as hypereosino-
philic with pyknotic nuclei) in 12 day mice from three groups: untreated
mo-br (N = 6), wild type (N = 6), and AAV5+Cu-treated mo-br. The mean
percentage of necrotic neurons was calculated for each group and evalu-
ated for statistically significant differences via the Student’s t-test.

Mitochondrial architecture scoring. Mitochondrial architecture was
assessed in ~400 mitochondria from electron micrographs of selected
Purkinje cell neurons. The mitochondria were scored blindly based on the
following scheme: 1 = no vacuolization; 2 = mild-moderate vacuolization;
3 = moderate-severe vacuolization.

GFP immunohistochemistry. Tissues were rehydrated, and antigen
retrieved with citrate buffer, pH 6.0 for 20 minutes in a steamer and
allowed to cool to room temperature. The slides were subsequently rinsed
with Tris-buffered saline Tween 20 distilled H,O used for the final rinse.
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All tissues were treated with dual endogenous block (DAKO, Carpinteria,
CA) two times for 5 minutes and subsequently protein blocked for 5 min-
utes before the application of the primary antibody. Tissue was incubated
with GFP clone JL-8 for 1 hour (1:2,000; Clontech, Mountain View, CA).
The slides were then washed twice with Tris-buffered saline and Tween
20, incubated with DAKO EnVision mouse peroxidase for 30 minutes, fol-
lowed by DAB™ for 10 minutes. (DAKO) and counterstained with hema-
toxylin. For a negative control, the primary antibody was replaced with
mouse IgGs at the same concentration.

Choroid plexus isolation. Choroid plexuses were isolated from the lateral
ventricles of 12-day-old AAV5-treated and untreated mice, following pro-
cedures described by Menheniott et al.*

RT-PCR. Total RNA in brain samples from AAV5-treated and untreated mice
wasextractedusingRNeasyLipid TissueMiniKit(Qiagen).FirststrandcDNA
synthesis was performed using Enhanced Avian TR First Strand Synthesis
Kit (Sigma, St Louis, MO). PCR to detecta 166 bp rsATP7A transgene frag-
ment was performed using primers (forward: 5-CACCAGTTCAAGAC
AAGGAGG-3'; and reverse 5'-CTTACTTCTGCCTTGCCAGC-3"). PCR
products were analyzed on a 2.5% agarose gel.

Statistical analyses. One-way analysis of variance analysis was used to
evaluate CCO and SOD1 enzyme activity. We assessed whether any mo-br
group, treated or untreated, was different than the wild-type group using
Dunnetts test. Brain copper and neurochemical data and hippocampal
neuron data were analyzed by paired Student’s ¢-tests.

Neurobehavioral testing. Wild-type and AAV5+Cu-treated mo-br
mice were tested repeatedly using two neurobehavioral tests (wire hand,
rotarod) to evaluate muscle strength, balance, coordination, and locomo-
tor function. Testing was performed weekly beginning at 25 days of age
and until the mice reached 300 days or expired. Nineteen AAV5+Cu-
treated mo-br mice and 11 untreated wild-type controls were tested.
Untreated mo-br mice were unavailable for testing because these mice all
died before weaning.

The wire hang test was performed as described previously.”® Briefly,
mice were placed on a wire cage rack 50cm above a soft surface. The
rack was inverted and the length of time the mouse could hang from the
rack was measured (maximum time: 60 seconds). The test was repeated
up to three times with at least 1 minute of rest in between trials if the
animal failed to complete the full 60 seconds, and the time scored was the
maximum of the three trials.

The constant speed rotarod was performed as described previously.”
Briefly, mice were placed on a 3.5 cm diameter rod (II'TC, Woodland Hills,
CA). The rod was rotated at 4 r.p.m. and the length of time the mouse
could remain on the rod was measured (maximum time: 60 seconds).
The test was repeated up to three times with at least 1 minute between
trials if the animal failed to complete the full 60 seconds. The time scored
was the maximum of the three trials. The mice were acclimated to the rod
for four consecutive days (from 21 to 24 days) before testing beginning
at 25 days.

SUPPLEMENTARY MATERIAL
Figure S1. Brain Cu/Zn superoxide dismutase activity at 12 days of
age, by treatment category.
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