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The microtubule-associated protein tau (MAPT) and
a-synuclein (SNCA) genes play central roles in neuro-
degenerative disorders. Mutations in each gene cause
familial disease, whereas common genetic variation at
both loci contributes to susceptibility to sporadic neu-
rodegenerative disease. Here, we demonstrate exquisite
gene regulation of the human MAPT and SNCA transgene
loci and functional complementation in neuronal cell
cultures and organotypic brain slices using the herpes
simplex virus type 1 (HSV-1) amplicon-based infectious
bacterial artificial chromosome (iBAC) vector to express
complete loci >100kb. Cell cultures transduced by iBAC
vectors carrying a 143kb MAPT or 135kb SNCA locus
expressed the human loci similar to the endogenous
gene. We focused on analysis of the iBAC-MAPT vector
carrying the complete MAPT locus. On transduction
into neuronal cultures, multiple MAPT transcripts were
expressed from iBAC-MAPT under strict developmen-
tal and cell type-specific control. In primary neurons
from Mapt—/— mice, the iBAC-MAPT vector expressed
the human tau protein, as detected by enzyme-linked
immunosorbent assay and immunocytochemistry, and
restored sensitivity of Mapt_/_ neurons to AP peptide
treatment in dissociated neuronal cultures and in orga-
notypic slice cultures. The faithful retention of gene
expression and phenotype complementation by the
system provides a novel method to analyze neurological
disease genes.
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INTRODUCTION

The microtubule-associated protein tau (MAPT or tau) and
a-synuclein (SNCA) genes and encoded proteins play central roles
in neurodegenerative disorders."? Both proteins are found aggre-
gated in neurons in disease, point mutations in each gene cause
rare dominantly inherited familial forms of disease, and common

genetic variation at both genomic loci affects gene expression and
splicing, contributing to susceptibility to sporadic neurodegenera-
tive diseases.

The tau protein is the major component of the intracellu-
lar neurofibrillary tangles observed in many neurodegenera-
tive disorders collectively known as tauopathies,” which include
Alzheimer’s disease, frontotemporal dementia and parkinsonism
linked to chromosome 17 (FTDP-17), progressive supranuclear
palsy (PSP), and corticobasal degeneration (CBD). The MAPT
gene locus is located on chromosome 17 and consists of 16 exons.
Six isoforms are expressed in the adult central nervous system
produced by alternative splicing of exons 2, 3, and 10. Alternative
splicing of exon 10 leads to a protein containing either three (3R;
exon 107) or four (4R; exon 10%) tandem repeats of a microtubule-
binding motif.> Coding point mutations, and splice site mutations
increasing exon 10 inclusion, cause FTDP-17, a rare dominantly
inherited condition,*® whereas common noncoding variation
is found to be associated with the sporadic diseases PSP*'* and
CBD,'""? and more recently with Alzheimer’s disease.”® The SNCA
locus is on chromosome 4 and contains 6 exons. Three separate
point mutations in SNCA (A53T, A30P, and E46K),"*'¢ as well as
duplications' or triplications' of the wild-type locus, are known
to cause rare familial Parkinson’s disease (PD). Moreover, poly-
morphisms present 10 kb upstream of the start of SNCA transcrip-
tion, have been shown to increase reporter gene activity, and been
associated with sporadic PD."” 1t is, therefore, clear that genetic
variation across both loci is implicated in mechanisms of neuro-
degenerative disease.

Biological models to study gene expression from the SNCA
and MAPT loci are urgently required if we are to understand the
molecular mechanisms of neurodegenerative disease. Infectious
vectors are an efficient means of delivering genes to cells, but
the size of most genomic loci generally precludes their use in
the context of viral constructs. We have recently developed an
efficient viral delivery and expression system for genomic DNA
loci >100kb in size, which we have termed the infectious bacte-
rial artificial chromosome (iBAC).?*-%¢ The iBAC is based on the
herpes simplex virus type 1 (HSV-1) amplicon vector. HSV-1
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Figure 1 General strategy for infectious bacterial artificial chromosome (iBAC) vector construction by gap end-joining and Cre-/oxP recom-
bination. (a) Genomic DNA inserts carrying whole gene loci are transferred from the original library clone into pBeloBAC11 by homologous recom-
bination in Escherichia coli to create a pBAC vector. Cre-loxP retrofitting then incorporates the replication and packaging elements from herpes
simplex virus type 1 (HSV-1) to create an iBAC vector. The iBAC-MAPT and iBAC-SNCA vectors contain genomic inserts of 143 and 135kb, respec-
tively. (b) Correct transfer of the genomic DNA insert by gap end-joining is confirmed by PCR across the newly formed junctions. PAC61D06 and
PAC27MO7 refer to the original library clones. (¢) The presence of all exons was confirmed by PCR for iBAC-MAPT and iBAC-SNCA vectors. (d) Plasmid
rescue assay for the 157 kb iBAC-MAPT vector confirms intact packaging and delivery of the MAPT genomic locus insert. Total DNA extracted from
transduced fibroblasts was transformed into E. coli and bacterial colonies selected on chloramphenicol/ampicillin. Plasmid DNA was prepared from
resistant bacterial colonies, digested with Not1, and resolved by pulsed field gel electrophoresis. An asterisk indicates a bacterial colony confirming
intact rescue; 6/9 colonies contained an intact plasmid. M, marker lane running positive control iBAC-MAPT plasmid.

amplicons are promising tools for infectious genomic DNA locus
delivery because HSV-1 has a high transgene capacity of ~160kb,
high-titer amplicon stocks can be produced free from viral gene
contamination by a helper virus-free packaging system,” and the
resulting virion particles have a broad cell tropism across a wide
range of species. We have previously demonstrated the ability of
the iBAC system: (i) to efficiently deliver and express by infect-
ing a genomic DNA locus >100kb in size to a range of cell types,
including primary cells;? (ii) to express genomic DNA loci at a
physiologically relevant level;*>% (iii) to deliver a locus to cor-
rectly retain complex features including promoter regulation??
and alternative splicing;** and (iv) to correct the cellular defi-
ciency in cells from patients with the neurodegenerative disorder
Friedreich’s ataxia.?®

Here, we describe the design and construction by homologous
recombination (HR) gap-end joining of iBAC vectors express-
ing the complete genomic loci of MAPT or SNCA. The vectors
expressed genomic locus inserts in neuronal cultures, including
primary mouse neuronal cultures, organotypic slice cultures,
and dopaminergic neurons, differentiated from embryonic stem
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(ES) cells. As our primary model, we focused on expression from
the iBAC-MAPT vector and demonstrated tau expression was
under correct developmental and cell type-specific regulation.
Functional tau expression was verified in biological assays dem-
onstrating the restoration of sensitivity to AB peptide treatment in
iBAC-MAPT transduced primary neurons and organotypic brain
slices prepared from Mapt_/ ~ mice.

We propose that the iBAC vector will allow the development
of improved cell culture models to facilitate future detailed stud-
ies of the effects of genetic variation in disease. Such vectors have
significant advantages over complementary DNA-based systems,
which typically overexpress a single splice variant from a strong
heterologous promoter and fail to capture the complexity of
expression from the context of a genomic DNA locus.

RESULTS

Construction of iBAC vectors

We have devised a general strategy suitable for the expression of
genomic DNA loci in a wide range of neuronal culture systems by
combining three technologies: (i) the high capacity of the bacterial
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Figure 2 Delivery and expression of iBAC-SNCA in mouse neuronal models. (a) Expression of vector backbone-encoded green fluorescent protein
visualized by fluorescence microscopy confirmed delivery of iBAC-SNCA and control vectors to mouse P19 cells transduced at an MOI of five. pHG
and pEHHG are two variants on the iBAC vector backbone (see Materials and Methods for details). (b) Species-specific reverse-transcriptase PCR
(RT-PCR) was performed on RNA extracted from transduced P19 cells. RT-PCR products corresponding to expression of the SNCA transgene were
seen following iBAC-SNCA transduction but not in untransduced cells or cells transduced with pHG or pEHHG alone. The nonspecies specific SNCA/
Snca primer pair (NS) confirms the cells express endogenous Snca. RNA extracted from human SH-SY5Y cells is a positive control for SNCA expression.
RT-PCR primer pairs: 1, human specific SNCA 5’; 2, human specific SNCA 3’; 3, nonspecific SNCA/Snca. (c) Immunofluorescence analysis of mouse
ET14tg2a ES cells after differentiation into dopaminergic neurons confirms expression of neuronal markers such as p-tubulin, microtubule associated
protein 2 (MAP-2) and neurofilament heavy chain (NFH) a well as tyrosine hydroxylase (TH) and the dopamine transporter (DAT), markers specific
for dopaminergic neurons. (d) Species-specific RT-PCR was performed on RNA extracted from differentiated ES cell-derived dopaminergic neurons
transduced with iBAC-SNCA or the control pEHHG vector at an MOI of one. RT-PCR confirms expression of the iBAC-SNCA transgene and endogenous
Snca expression. RNA extracted from differentiated MESC2.10 human mesencephalic cells is a positive control for SNCA expression. RT-PCR primer

pairs: H, human-specific SNCA 3’; NS, nonspecific SNCA/Snca.

artificial chromosome (BAC) cloning vector; (ii) the ability to pre-
cisely manipulate large BAC inserts with base-pair resolution using
HR in bacteria; and (iii) the high capacity and neural tropism of
the HSV-1 amplicon vector. Here, we demonstrate the utility of the
system by first expressing two genes critically involved in neurode-
generative diseases in a variety of neuronal cultures, and then by
focusing on the iBAC-MAPT vector to demonstrate correct devel-
opmental and cell-type control of RNA and protein expression.
The broad cloning strategy we employed is shown in Figure 1a.
The exact genomic DNA insert selected for excision is defined by
55 nucleotide (nt) homology arm sequences at the 5" and 3" ends
of the genomic DNA locus. An additional 25nt, complementary to
the pBeloBAC11 vector, is added at the 3" end of the recombina-
tion primer to allow the homology arms to be incorporated onto
pBeloBAC11 by PCR. HR in Escherichia coli is used to excise the
insert from the original high capacity library cloning vector [in this
case, a P1 plasmid-based artificial chromosome (PAC)] and place
it into pBeloBAC11 to create a pBAC vector. Cre-loxP recombina-
tion is then used to retrofit the pBAC vector with a plasmid car-
rying the origin of replication (oriS) and packaging signal (pac)
from HSV-1 to create an iBAC vector suitable for packaging as an
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HSV-1 amplicon for subsequent delivery to neuronal cells by viral
transduction.

Specifically, we first obtained PAC clones PAC61D06 and
PAC27MO07, covering the complete genomic locus of the human
MAPT and SNCA genes, respectively. To construct iBAC-MAPT,
HR was used to transfer a 143kb genomic DNA region of
PAC61D06 carrying the complete MAPT locus to pBeloBAC11,
creating pBAC-MAPT. Briefly, the pBeloBAC11 plasmid was
amplified by PCR using HR, primers HR1 and HR2. The 7.3kb
pBeloBAC11 PCR product incorporating 55 bp homology arms
at each end was electroporated into E. coli bacteria carrying the
pBAD-ETY-Tet plasmid induced to express RecE and RecT and
recombinant clones carrying the desired product were identified
by pulsed field gel electrophoresis. The pBAC-MAPT insert com-
prises 9kb of promoter sequence and 134kb of genomic DNA,
including two alternative polyadenylation sequences at the 3" end
of the MAPT locus. pBAC-SNCA was created in parallel, carrying
a 135kb genomic DNA insert carrying the 111kb SNCA locus,
18kb of 5" sequence, and 6kb of 3" sequence using primers HR3
and HR4. The efficiency of recombination producing the correct
product was 2/16 and 2/12 colonies screened for pPBAC-MAPT
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and pBAC-SNCA, respectively. Construction of the new vector
was confirmed by analysis of the junctions formed by recombina-
tion in independent clones (Figure 1b). Cre-loxP recombination
was used to retrofit pBAC-MAPT and pBAC-SNCA with pHG or
pEHHG, plasmids carrying either the HSV-1 amplicon packag-
ing elements with (pEHHG) or without (pHG) episomal reten-
tion elements.**?? We confirmed the presence of all MAPT or
SNCA exons in our final vectors by exon PCR (Figure 1c).

Infectious iBAC-MAPT and iBAC-SNCA amplicons were
prepared, as previously described.?***?” Finally, the packaging
and delivery of intact genomic DNA inserts >100kb by HSV-1
virions was confirmed by plasmid rescue of iBAC vector from
transduced human fibroblasts back into bacteria, as previously
described.”*** Total DNA extracted from transduced human fibro-
blasts was transformed into E. coli and bacterial colonies selected
on chloramphenicol/ampicillin. The 157 kb iBAC-MAPT plasmid
was shown to be packaged and delivered intact with an efficiency
of 67% (6/9 bacterial colonies carried intact iBAC-MAPT vector
as analyzed by Not1 restriction enzyme digestion and pulsed field
gel electrophoresis; Figure 1d), an efficiency in very close agree-
ment with our previous data.?*?

iBAC-SNCA is expressed in differentiated

mouse neuronal models

Expression from iBAC-SNCA was demonstrated by transduction
into two murine neuronal-like cell culture models (Figure 2). The
first model was the mouse P19 cell line, which was transduced with
iBAC-SNCA or control vectors at a multiplicity of infection (MOI)
of five (Figure 2a) and RNA prepared from the cultures 48-hour
postinfection. Reverse transcription PCR (RT-PCR) using primers
specific for human SNCA demonstrated expression of the human
SNCA transgene in cells transduced by the iBAC-SNCA vectors but
not the pHG and pEHHG control infections (Figure 2b).

SNCA has shown to be intimately involved in the regulation of
dopamine homeostasis, representing a likely mechanism underly-
ing the pathology of PD. Dopaminergic neurons, therefore, rep-
resent an attractive target for iBAC-SNCA transduction. Mouse
ET14tg2a ES cells were induced to differentiate into dopaminergic
neurons, as previously described.?® The ES cells developed a char-
acteristic neuronal morphology and expressed neuronal markers
B-tubulin, microtubule associated protein 2 and neurofilament
protein, heavy chain (NFH), as well as specific markers of dop-
aminergic neurons, dopamine transporter, and tyrosine hydroxy-
lase (Figure 2c). Differentiated ES cells were efficiently transduced
with iBAC-SNCA vectors (MOI = 1) and expressed the SNCA
transgene (Figure 2d).

Expression of iBAC-MAPT in primary neurons

is under developmental control and mirrors
endogenous splicing regulation

Primary neurons were prepared from new-born PO wild-type
C57BL6 mice and transduced with iBAC-MAPT at an MOI
of one, after 6 days in culture. Expression from the vector
backbone-encoded green fluorescent protein (GFP) reporter
gene measured 48 hours post-transduction confirmed efficient
transduction (Figure 3a). At 6, 12, and 24 hours postinfection
RNA was prepared from the neuronal cultures and RT-PCR
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Figure 3 iBAC-MAPT transgene expression in mouse primary neu-
rons is regulated by endogenous developmental cues. (a) Vector
backbone-encoded GFP expression 48 hours post-transduction con-
firms highly efficient delivery of iBAC-MAPT (MOI = 1) to primary mouse
neuronal cultures prepared from PO newborn pups. (b) Species-specific
RT-PCR was performed on RNA extracted from transduced cells 6, 12,
and 24 hours post-transduction. MAPT transgene expression is first seen
6 hours post-transduction. RNA extracted from human G16-9 glioblas-
toma cells is a positive control for MAPT expression. (€) PO mouse primary
cultures were transduced with iBAC-MAPT after 6 days in culture. RNA
was extracted 1, 2, 3, or 7 days post-transduction and species-specific
RT-PCR was performed. Relative expression of the exon 107(4R) splice
forms of both MAPT and Mapt increases with developmental maturation
of neurons in culture. (d) PO mouse primary cultures were maintained
in vitro for either 5 or 13 days before transduction with iBAC-MAPT
(MOI = 1). RNA was extracted 2 days post-transduction and species-
specific RT-PCR was performed. The relative expression of both MAPT
and Mapt exon 10%(4R) increased over time. Measuring relative band
strength by quantifying pixel intensity showed the exon 107 (4R) form
represents 100% of Mapt and ~20% of MAPT expression after 15 days in
culture. Primer pairs: Hx10: human exon 10; Mx10: mouse exon 10.
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carried out to specifically detect human MAPT transgene expres-
sion using PCR primers specific for human MAPT flanking
the alternatively spliced exon 10 (Hx10). PCR products of 390
and 297bp demonstrate expression of exon 107(4R) and exon
107 (3R) MAPT isoforms, respectively.® MAPT transgene expres-
sion can be detected as early as 6 hours postinfection of primary
cortical neurons (Figure 3b). Mouse Mapt exon 10 specific prim-
ers (Mx10) were able to detect mouse Mapt transcript in all neu-
ronal cultures, as both exon 107 (4R) and exon 107 (3R) forms.
We next compared the relative expression levels of transgene-
derived exon 107 (4R) and exon 107(3R) MAPT at later time
points (Figure 3c). Neurons were transduced at an MOI of one
after 6 days in culture and RNA was harvested 1, 2, 3, and 7
days post-transduction. Initially, a low amount of iBAC-MAPT
derived exon 101 (4R) MAPT was seen after 7 days in culture, but
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levels of exon 101 (4R) MAPT rise after prolonged culture periods
of up to 13 days. This broadly coincides with the developmen-
tal switch of Mapt expression in rodent neurons from the exon
107(3R) to exon 101 (4R) form (Figure 3c), previously reported
to occur at day 8, becoming complete by day 15 (ref. 30). We next
determined that the important parameter was the length of time
of in vitro culture rather than the time post-transduction. Mouse
cortical neurons in culture for either 5 or 15 days were trans-
duced with iBAC-MAPT at an MOI of one and gene expression
analyzed 2 days postinfection. Expression from iBAC-MAPT in
neurons in culture for 7 days showed no detectable exon 101 (4R)
MAPT expression (Figure 3d). However, detection of the exon
101 (4R) MAPT form was readily detectable as a fraction of total
MAPT expression after 15 days in culture. Semiquantitative anal-
ysis of band intensity performed by measuring pixel intensity on

iBAC pHG MAPT

isoforms
__—Exon 10"
T Exon 10

e R
T~ Exon 10°

b iBAC-MAPT pHGC-tau
GFP‘ ' '
h n ll .
C 3 1004
2
3 80+
3 M
0 60 -
2 9
o 20
& o
1 2 3 4 5 6 7
d z 1,200 -
g 1000{ |[TTIBAC
5 800| [~ PHG
s&
3= 600
c g 400
E 208
1 2 3 4 5 6

Days postinfection

Figure 4 iBAC-MAPT transgene RNA and protein expression in mouse Mapt_/_ primary neurons. (a) The iBAC-MAPT transgene RNA is expressed in
primary neurons prepared from Mapt_/_ PO pups. PO mouse primary cultures were transduced with iBAC-MAPT (MOI = 1) after either 5 or 13 days in
culture. RNA was extracted 2 days post-transduction and species-specific RT-PCR was performed. The human exon 107(4R) MAPT form is expressed
in a developmentally regulated way, only present in mature neurons after 15 days in vitro. Primer pairs: Hx10, human exon 10; Mx10, mouse exon 10.
(b) Immunocytochemistry confirms expression of tau protein in Mapt™ ™ neurons following transduction by iBAC-MAPT, but not pHG. PO mouse
Mapt_/_ primary cultures were transduced with iBAC-MAPT or control vectors (MOl = 1) after 5 days in culture and immunocytochemistry was per-
formed 9-days post-transduction. pHGC-tau is a positive control amplicon vector expressing human MAPT complementary DNA. Axonal staining of
GFP and tau protein is indicated by an arrow and is seen in detail in the inset. The red cell-body staining is a nonspecific signal associated with the
secondary antibody and seen in Mapt™ ™ neurons transduced with the pHG negative control vector. (¢) Counts of GFP positive cells over time follow-
ing iIBAC-MAPT transduction. Prolonged iBAC vector backbone-encoded GFP expression confirms prolonged vector retention. (d) Tau protein levels
per well measured by enzyme-linked immunosorbent assay over time following iBAC-MAPT or pHG transduction. iBAC-MAPT maintains prolonged
tau protein expression leading to a steady increase in tau protein levels in tranduced cells. (c¢) and (d) PO mouse Mapt™'~ primary cultures were
transduced after 5 days in culture and transduced at MOI = 1.
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ethidium bromide-stained gels showed that the exon 107 (4R)
MAPT form represented ~20% of MAPT expression after 15 days
in culture. After this time, the switch to the exon 10*(4R) endog-
enous Mapt transcript is complete.

Taken together, these data show that the temporal regula-
tion of expression of the iBAC-MAPT human transgene is
similar to that of endogenous mouse Mapt. Cells expressing
iBAC-MAPT after only 7 days in culture expressed predomi-
nantly exon 107(3R) endogenous mouse Mapt and human
MAPT. After 15 days in culture endogenous expression is exclu-
sively of mouse exon 101 (4R) Mapt. Simultaneously, expression
of exon 101(4R) from the iBAC-MAPT human transgene rises
from <1% to ~20% of the level of exon 107 (3R) MAPT after
15 days growth in vitro, a level of expression of exon 107 (4R)
MAPT similar to that reported in MAPT transgenic mice.”’"
Notably, the infection of iBAC-MAPT has no effect on splicing
of endogenous Mapt.

iBAC-MAPT protein expression in Mapt~/~

primary neuronal cultures

We next undertook expression studies in Mapt_/ ~ neurons
derived from the Mapt"™ (X! strain,* which provides an advan-
tageous Mapt null background to detect vector-encoded tau pro-
tein and allows functional studies to be undertaken. Mapt_/ ~ PO
neurons were cultured for 5 or 13 days in vitro and transduced by
iBAC-MAPT at an MOI of one. RNA was prepared from the cells
2 days post-transduction and species-specific RT-PCR was per-
formed. The iBAC-MAPT transgene showed the same develop-
mentally regulated increase in expression of exon 101 (4R) as seen
in Maptt/* cultures (Figure 4a). Mapt~/~ PO neurons were then
cultured for 5 days in vitro, transduced by iBAC-MAPT at an MOI
of one and human tau protein expression was detected in trans-
duced cells by immunocytochemistry 9 days post-transduction
(Figure 4b). Axonal staining of tau protein can clearly be seen.
A human tau specific enzyme-linked immunosorbent assay was
then used to demonstrate a time-dependent increase of tau pro-
tein expression in Mapt_/ ~ PO primary neuronal cultures trans-
duced by iBAC-MAPT. Mapt~'~ PO neurons were cultured for
5 days in vitro, transduced by iBAC-MAPT at an MOI of one and
gene expression levels measured over time. Prolonged transduc-
tion of primary cultures was sustained over several days assayed
by GFP reporter gene expression (Figure 4c), which correlated
with a steady buildup of protein expression reaching 1,000 pg tau
protein/well, measured by enzyme-linked immunosorbent assay
over the 6-day period (Figure 4d).

Correct cell-type regulation of tau protein

expression from iBAC-MAPT

Having shown correct developmentally regulated splicing of
MAPT exon 10, we next sought to demonstrate correct cell-
specific expression from iBAC-MAPT to mirror endogenous
expression. Western blot analysis shows that rat D74 glioma cells
do not express endogenous tau protein, whereas primary mouse
cortical cultures express high levels of tau (Figure 5a). Infection of
D74 glioma cells with iBAC-MAPT was highly efficient (~60%) at
an MOI of one. Following transduction, MAPT mRNA was easily
detectable in both cell lines 48 hours post-transduction. However,
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Figure 5 iBAC-MAPT exhibits correct cell-type specific regulation of
tau protein expression. (a) Primary neurons, but not D74 glial cells,
strongly express endogenous tau protein by western blot. (b) D74
glia and primary neuronal cultures were transduced with iBAC-MAPT
(MOI = 1) after 1 or 5 days in culture, respectively. Vector backbone-
encoded GFP expression confirms efficient iBAC-MAPT delivery to both
the D74 glial cell line and primary neuronal cultures 24-hours post-
transduction. RT-PCR confirms iBAC-MAPT transgene RNA is expressed in
both glial and neuronal cells 2-days post-transduction. However, trans-
genic tau protein measured by enzyme-linked immunosorbent assay is
expressed only in transduced neuronal cells, but not in glial cells, an
expression pattern matching that observed for endogenous expression.

tau protein was present at negligible amounts in D74 cells com-
pared to primary cortical neurons 5 days post-transduction
(Figure 5b). This accurately reflects the regulation of endogenous
tau protein expression in the respective cell types. Overall, the
iBAC-MAPT transgene mRNA is alternatively spliced and the
resulting protein expression is subject to correct physiological
regulation in a cell-type specific manner.

Expression of iBAC-MAPT in tau knockout

neurons restores Ap sensitivity

We then devised two biological assays to detect restoration of
tau function in primary neurons and organotypic slice cultures,
derived from Mapt_/ ~ mice. Primary neuronal cultures from
Mapt_/ ~ embryos have previously been shown to be resistant
to AP peptide-induced toxicity,” suggesting that the tau protein
may mediate the neurotoxicity of AP fibrils. Therefore, to test the
functionality of the iBAC-MAPT transgene we examined whether
iBAC-MAPT could restore the responsiveness to AP peptide in
the Mapt_/ ~ neurons. Primary Mapt_/ ~ PO neurons were trans-
duced with iBAC-MAPT or the pHG control vector at an MOI
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Figure 6 Expression of iBAC-MAPT in Mapt_/_ primary neuronal cul-
tures restores sensitivity to AB1-42 peptide toxicity. (@) PO mouse
Mapt_/_ primary neurons cultured for 5 days were transduced with
iBAC-MAPT or the control pHG vector at MOl = 1 and 5 days later were
treated with AB1-42 peptide (5pmol/l for 2 days) and then imaged
for GFP expression. All transduced neurons express vector-encoded
GFP reporter gene but neurons transduced with iBAC-MAPT show cell
death and degeneration of axonal morphology compared to cells trans-
duced with a control vector (pHG) after treatment with AB1-42 peptide.
(b) Quantitative analysis of GFP-positive neurons in Mapt™'~ primary
neuronal cultures shows a highly significant increase in AB1-42 peptide
mediated cell death after iBAC-MAPT transduction compared to the con-
trol vector pHG (**P < 0.01 by Student’s t-test). The experiment was
performed in triplicate three times and the highly significant result was
obtained each time. Data from a representative experiment is shown;
error bars represent SD.

of one and fibrillar AB1-42 peptide (prepared at 100 pmol/l) was
added to cultures 5 days post-transduction to a final concentration
of 5umol/l and imaged for GFP expression 2 days later. Mapt_/ -
primary neurons transduced with pHG remained insensitive to
treatment with AB1-42 peptide, whereas iBAC-MAPT transduced
neurons showed signs of degeneration visible by microscopy indi-
cating that tau protein expression was restoring Ap1-42 toxicity in
these cells (Figure 6a). Quantitative analysis of cell counts showed
iBAC-MAPT transduction significantly restored sensitivity to
AP1-42 peptide (Figure 6b).

We next used organotypic brain slices as an improved neuronal
model because they are viable for several weeks longer than dissoci-
ated cultures of prlmary neurons. Organotypic slice cultures were
prepared from Mapt pups, and transduced with iBAC-MAPT.
We found that we could obtain efficient vector transduction and
sustained eXpressmn of MAPT transgene in this model (Figure 7a).
Similar to the Mapt ~ dissociated primary neuronal cell culture sys-
tem, exposing brain slices to 20 umol/l AB1-42 peptide for 48 hours,
7 days post-transduction, led to increased cell death in iBAC-MAPT
transduced neurons compared with transduction with the pHG con-
trol vector (Figure 7b). Quantitative analysis of cell counts showed
iBAC-MAPT transduction conferred sensitivity to AB1-42 peptide
to Mapt_/ ~ organotypic slice cultures (Figure 7c).

DISCUSSION

We describe here an advanced methodology for the delivery and
expression of neurological disease loci to primary neuronal cul-
ture systems for functional analysis. The method makes use of the
broad availability of BAC and PAC genomic DNA library clones,
the ability for precise manipulation of vectors by HR, and the
high transgene capacity and neuronal tropism of HSV-1 ampli-
con vectors. The resulting vectors are able to deliver and express
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Figure 7 Delivery and expression of iBAC-MAPT in Mapt_/_ orga-
notypic slice cultures. (a) Delivery of iBAC-MAPT to organotypic slice
cultures of Mapt‘/‘ mouse brain. Vector delivery is confirmed by vector-
encoded GFP reporter gene and MAPT expression is assayed by RT-PCR
detection of MAPT RNA. Slices were cultured for 25 days before vector
transduction and imaged 2 days later. RNA was harvested for RT-PCR 4
days post-transduction. (b) Organotypic slice cultures transduced with
iBAC-MAPT, or the positive control MAPT complementary DNA vector
(pHGC-tau), and then treated with Ap1-42 peptide, show increased
cell death compared to slices transduced with a negative control vector
(pHG). Slices cultured for 25 days were transduced using 1 x 10° transduc-
ing units/slice, and 7 days later treated with AB1-42 peptide (20 umol/I
for 2 days) and then imaged for GFP expression. (c) Quantitative analysis
of GFP-positive cells in Mapt™/~ organotypic slice cultures shows a highly
significant increase in Ap-peptide mediated cell death after transduction
with iBAC-MAPT or the positive control pHGC-tau vector compared to
the negative control vector pHG (**P < 0.01 by Student’s t-test). The
experiment was performed in triplicate three times and the highly signif-
icant result was obtained each time. Data from a representative experi-
ment is shown; error bars represent SD.

functional genes of >100kb in size under physiological regulation,
including the generation of multiple splice variants. Such a system
will likely find broad utility in the analysis of the genetic basis of
neurological disease.

The MAPT and SNCA loci represent important neurode-
generative disease genes. Rare point mutations affecting coding
regions and splice sites in MAPT cause FTDP-17 and point muta-
tions in, or duplications or triplications of, SNCA cause familiar
PD. Moreover, common genetic variation at the MAPT locus is
associated with increased susceptibility to the movement disor-
ders PSP, CBD, PD and, more recently, with Alzheimer’s disease,
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the most common dementia. The association of the MAPT locus
with PD,”*! a synucleinopathy, as well as with tauopathies, sug-
gests that tau plays a critical role in a range of neurodegenerative
diseases, although the mechanisms are poorly understood. There
is clearly an increasing need to understand the genetic basis of
such diseases to better understand the biological pathways. This
may in turn help generate preventative therapies to delay the onset
of disease symptoms, or even lead to curative treatments.

The neurofibrillary tangles, which form in CBD and PSP,
are predominantly formed of exon 107 (4R) and the diseases are
referred to as 4R-tauopathies. Recent work by our group and
others has started to uncover potential mechanisms underlying
the association of the common MAPT H1 haplotype with PSP
and CBD.*** We previously found that the MAPT H1 variant
expressed up to 43% more exon 101(4R) MAPT in human brain
tissue than did the other common variant, H2, immediately
suggesting a disease mechanism based on excess exon 107 (4R)
expression.”? In a further study,*® we found that H2 expressed
twofold more exon 273" MAPT than did H1, possibly related
to the involvement of the amino-terminal region as a projec-
tion domain regulating microtubule spacing. In agreement with
the potential susceptibility risk conferred by H1, a recent large-
scale genetic study found that the H2 haplotype is under positive
selection in European populations.* There is clearly mounting
evidence for the role of noncoding DNA in neurodegenerative
disease and new gene vector technologies, such as the one we
describe here, are required for the manipulation, delivery, and
expression of disease genes such as MAPT and SNCA. A BAC-
based genomic DNA expression system capable of undergoing
precise sequence-specific manipulation, followed by efficient
delivery and expression in neuronal cells would greatly help to
further dissect the genetic mechanisms underlying the associa-
tion with disease.

Focusing on MAPT as a model, we demonstrate that a gene
delivered in this manner is subject to developmental and cell-type
specific regulation of gene splicing and protein expression. The
human iBAC-MAPT transgene responds to the changing endog-
enous physiological splicing signals present in maturing neurons
and increases the relative expression of exon 10*(4R) compared to
exon 107(3R). This relative increase in expression of exon 10" (4R)
from the MAPT transgene in maturing mouse neurons occurs
as endogenous Mapt expression switches from exon 107(3R) to
exon 107 (4R). Transgene expression is also regulated at the pro-
tein level, only being expressed in appropriate neuronal cell types
and matching endogenous expression patterns. The tau protein
expressed from the iBAC-MAPT transgene is functional, restor-
ing sensitivity of Mapt_/ ~ neurons to AB1-42 peptide. Finally, we
show the broad utility of the system through the parallel construc-
tion of an iBAC-SNCA vector and expression of SNCA in differen-
tiated dopaminergic neurons.

The use of the iBAC system combined with HR in bacteria is
applicable for expression of almost any gene. Approximately 95%
of all human gene loci are 150kb in size or less (see www.ensembl.
org), ensuring that the expression system has broad applicability.
The strategy first requires identifying a BAC or PAC clone carrying
the gene of interest, and then uses subcloning by gap end-joining to
excise the required insert out of the starting library clone and into
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a second high-capacity vector. In both cases described here, a PAC
insert is placed into a BAC vector, but we have also performed the
reverse in unpublished studies. The new construct is then retrofit-
ted using Cre-loxP recombination, packaged into HSV-1 transduc-
ing virion particles, and delivered to cells for gene expression.

Neurodegenerative disease is fast becoming become a huge
burden on health care. Developing functional genomic analysis in
the post-sequence era offers us new oppurtunities to better under-
stand disease mechanisms. The new gene expression tools such
as the one described will allow gene manipulation, delivery, and
expression for functional analysis of noncoding sequence varia-
tion in differentiated neuronal cultures.

MATERIALS AND METHODS

Vector construction and amplicon preparation. PAC clones PAC61D06
(Genome Systems, St Louis, MO) and PAC27M07 (Roswell Park Cancer
Institute; RPCI-1 library, Buffalo, NY) were obtained carrying the com-
plete genomic loci for MAPT and SNCA, respectively. Homologous recom-
bination was performed using gap-end joining to subclone the required
143kb and 135kb inserts carrying MAPT and SNCA, respectively, using
RecE/T technology.*” Briefly, 80nt primers were designed incorporat-
ing 55nt homology arms, defining either the 5" or 3" end of the genomic
locus being excised with the addition of 25nt at the 3" end of the primer
to amplify the large insert BAC cloning vector pBeloBAC11. All primer
sequences for vector construction and expression analysis are given in
Supplementary Table S1. The 80 nt primers were then used to amplify a
7.3kb pBeloBAC11 vector fragment by PCR from a BamH]1 linearized and
gel-purified vector template using Pfu Turbo HotStart high-fidelity poly-
merase (Stratagene, La Jolla, CA). The PCR product was purified through
a PCR purification column (Qiagen, Valencia, CA), eluted in 90 pl of water,
digested with DpnII to remove template DNA, and column-purified again.
Electrocompetent DH10B E. coli cells carrying the starting PAC construct
and pBAD-ETY-Tet, a modified variant of pBAD-ETY (itself a kind gift of
AF. Stewart) kindly provided by Y. Saeki, were induced to express recom-
bination genes by the addition of arabinose at a final concentration of 1%.
The linear pBeloBACI11 PCR product incorporating 55 nt homology arms
at each end was introduced into the cells by electroporation. After incu-
bation for 75 minutes in SOC medium at 37°C, bacteria were plated on
chloramphenicol. Bacterial colonies carrying correctly recombined plas-
mids were identified. In many cases, chloramphenicol resistant bacteria
carrying correctly recombined pBeloBAC11 clones carrying the genomic
DNA insert were also resistant to kanamycin, indicating that the original
PAC construct was retained. Retransformation of isolated plasmid DNA
into E. coli and selection on chloramphenicol allowed bacterial clones
resistant only to chloramphenicol to be isolated. Cre/loxP recombination
was performed in vitro, as previously described.” The pHGC-tau MAPT
complementary DNA expression vector was constructed by subcloning the
MAPT complementary DNA coding sequence from pcDNA3-tau (a gift
from B. Hyman, Massachusetts General Hospital, Charlestown, MA) into
the pHGCX amplicon vector.”” HSV-1 amplicon vector preparations were
packaged using an improved helper virus-free packaging system, as previ-
ously described.”” HSV-1 amplicon preparations were concentrated through
a 25% sucrose solution and titered on the G16-9 glioma cell line. Titers of
around ~2-3 x 107 transducing units/ml were routinely obtained.

Primary neuronal cultures. Cultures of primary cortical neurons were per-
formed, with modifications, as previously described.” The Mapt™!(GFPKt
Mapt~ mouse strain® in which an enhanced GFP expression cassette has
been inserted into exon 1 of the Mapt gene was obtained from Jackson
Laboratories (Bar Harbor, ME). C57BL6 mice were obtained from Charles
River (Boston, MA). Briefly, PO pups were euthanized in CO, and the cere-
bral cortices were isolated and incubated in Hanks buffered saline solution
containing 0.25% trypsin (Invitrogen, Carlsbad, CA) and 0.2% DNAase
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(Sigma, St Louis, MO) for 15 minutes at 37°C. Horse serum (Invitrogen)
was added and the tissue was rinsed twice in phosphate buffered saline. Cells
were dissociated in Neurobasal medium (Invitrogen) supplemented with
B27 supplement (Invitrogen), 50 mmol/l B-mercaptoethanol and 200 mmol/l
L-glutamine by repeated trituration through a fire-polished Pasteur pipette.
The cells were then pelleted at 150¢ for 3 minutes and resuspended in 10ml
of neurobasal medium plus supplements. Cells were filtered through a 40 pm
mesh and plated. For biological assays, cells were plated at high density (1,500
cells/mm?) in polyethyleneimine precoated dishes, replacing half the medium
every 3—4 days. Neurons were kept in culture for at least 5 days before being
infected with viral vectors.

D74 (HveC) rat glial cells were previously generated in our laboratory
and grown as described.” Mouse ET14tg2a ES cells (a kind gift of A. Smith,
Edinburgh, UK) were induced to differentiate into dopaminergic neurons
using the Mouse Dopaminergic Neuron Differentiation Kit (R&D Systems,
Abingdon, UK) following the manufacturer’s protocol with reference to
published methods.?

Gene expression assays. RNA was prepared from cells using Trizol
Reagent (Invitrogen). RT was carried out on 1mg total RNA using
iSCRIPT (Bio-Rad, Hercules, CA). Semiquantitative RT-PCR was carried
out using Hotstart Taq polymerase (Roche, Basel, Switzerland). Human
and mouse exon 10 primers used were as described.” All RT-PCR primer
sequences are given in the Supplementary Table S1. Semiquantitative
analysis of band intensity was performed by measuring pixel intensity on
ethidium bromide-stained gels using NIH-distributed Image J software
(NIH, Bethesda, MD).

Protein detection. For immunocytochemistry antibodies used were
Tau-5 (BD Biosciences, Franklin Lakes, NJ) and Anti Human Tau (Pierce,
Rockford, IL). For protein detection, a Human Tau (total) ELISA Kit
(Biosource, Camarillo, CA) was used, according to the manufacturer’s
recommendations. Each sample was run in triplicate. Immunostaining
was performed as follows: 8 days postinfection, cells were fixed in 1%
paraformaldehyde, 20mmol/l L-lysine (Sigma), and 400 mmol/l sodium
periodate (Sigma) in 0.1 mol/l phosphate buffered saline for 1 hour. This
was followed by treatment with 100 mmol/l B-mercaptoethanol in 0.4%
Triton X-100/0.1 mol/l phosphate buffered saline for 1 hour at RT and suc-
cessively exposed to Avidin-Biotin solutions (Avidin/Biotin blocking kit,
Vector Laboratories, Burlingame, CA), before being neutralized with 10%
donkey normal serum for 1 hour at 37°C. Anti-tau primary antibodies
were added as follows: Mouse Tau-5 at 1:100 and Pierce antihuman tau at
1:50, and left overnight at 4°C. Control plates were left in normal serum
overnight. The following day a biotin-SP-conjugated donkey antimouse
IgG (ImmunoResearch Laboratories, West Grove, PA) was applied to all
plates at a 1:100 concentration for 2 hours, and finally a 1:100 solution in
0.1mol/l phosphate buffered saline of Streptavidin Alexa Fluor 568 conju-
gate (Molecular Probes, Eugene, OR) was added for 1 hour. Cells were then
rinsed, coverslipped and analyzed using a Zeiss LSM confocal microscope
(Carl Zeiss, Jena, Germany).

Brain slice preparation and infection. Organotypic brain tissue slices were
aseptically prepared from postnatal day 5 to 7 (P5-P7) mice. The pups
were killed, their brains rapidly excised and 350 micron sections made
using a Leica Vibratome VT1000S. Slices were cultured on tissue culture
plate inserts (Millicell-CM, 0.4mm pore size, Millipore, Bedford, MA),
fed with filtered minimum essential medium (50%), 25% fetal bovine
serum, and 25% Hanks’ buffered saline solution, L-glutamine (1 mmol/I)
and p-glucose (36 mmol/l) supplemented with antibiotics and antimycot-
ics at a final concentration of 10 U/ml penicillin, 10 ug/ml streptomycin,
and 25ng/ml amphotericin B. The slices were maintained in an incubator
at 36 °C. After 3 weeks in culture the organotypic brain slices were treated
with clodronate liposomes for 24 hours (supplied by N. Van Rooijen,
VUMC, the Netherlands). The slices were then intensely rinsed in the
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medium, and 4 days later were infected with amplicons. HSV-1 amplicon
transduction was carried out using 40 pl of vector of amplicon in Hanks’
buffered saline solution applied onto each slice. The titer of amplicons:
iBAC-MAPT: 2 x 107 transducing units/ml; pHG and pHGC-tau vectors:
1 x 10° transducing units/ml. Three hours later the amplicon solution was
rinsed with medium, and the slices were cultured for 7 days before treat-
ment with AB1-42 peptide.

B-Amyloid toxicity studies. AB1-42 peptide was obtained as a dry pellet
from rPeptide (Bogart, GA) and prepared as described.”® Briefly, dry pep-
tide was resuspended in hexafluoroisopropanol to dissolve any preformed
protein aggregations, the alcohol was evaporated under vacuum and the
remaining pellet stored at —80 °C. Twenty-four hours prior to use, each ali-
quot was resuspended in dimethyl sulfoxide at a concentration of 5 mmol/l,
further diluted in F12 medium to a final concentration of 100 umol/l and
incubated at 4°C for 24 hours to allow peptide oligomerization. Cultured
cells or slices were exposed to AB1-42 peptide for 48 hours at a final con-
centration of 5umol/l (dissociated neuronal cultures) or 20 pmol/l (brain
slices), after which time cultures were examined microscopically and
counts of GFP positive cells performed.

SUPPLEMENTARY MATERIAL
Table $S1. DNA oligomer sequence for homologous recombination
and RT-PCR.
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