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AAV-MEDIATED EXPRESSION USING A SYNTHETIC PROMOTER AND
ENHANCER

Cross-Reference to Related Applications

5 This application claims the benefit of the filing daie of U.S. application Serial No.
62/304,656, filed on March 7, 2018, the disclosure of which is incorporated by reference
herein

Statement of Government Righis

The invention was made with government support under grant HL108902
10 awarded by the National institutes of Health. The Government has certain rights in the
invention.
Background

Cystic fibrosis (CF) is a lethal, autosomal-recessive disorder that affects at least

30,000 people inthe U.S. alone (O'Sullivan et al., 2009). The genetic basis of CF is

15 mutation of a single gene that encodes the cystic fibrosis transmembrane conductance
regulator (CFTRY (Riordan et al., 1988; Rommens et al., 1988). This results in a
defective CETH protein and consequent abnormalities in the transport of electrolyles
and fluids in multiple organs (Weilsh, 1990; Rowe et al., 2008). The most life-threatening
outcome is CF pulmonary disease, which is characterized by viscous mucous

20 secretions and chronic bacterial infections (Welsh, 1980). With improvement in patient
care and advances in pharmacologic therapies for CF, the lifespan of CF patienis has
steadily heen extended over the past decades; however, the guality of life for CF
patienis remains poor, and medications that alleviate pulmonary complications are
expensive and efficacious only in select patients. Since lung diseass is the major cause

25 of mortality in CF patients and the genetic basis is a singls-gene defact, gene therapy
for CF lung disease has the potential to cure all CF patients, regardiess of thelr CFTR
mutation. Thus, clinical trials for CF lung gene therapy were initiated in the mid-1280s.
However, all trials to date have been unsuccessful (Sumner-Jdones et al., 2010). The
underlying reason is that the vectors available for gene transfer io the human airway

30 epithelium (HAE) are inefficient (Mueller & Flute, 2008; Griesenbach & Alton, 2009,
Griesenbach et al., 2010},

Adenoc-associated virus (AAVY), a member of the human parvovirus family, is a
non-pathogenic virus that depends on helper viruses for its replication. For this reason,
rAAY veciors are among the most frequently used in gene therapy pre-clinical studies

35 and clinical trials (Carter, 2005, Wu et al., 2006, Dava & Berns, 2008). Indeed, CF lung
disease clinical trials with rAAV2 demonsirated both a good safety profile and long
persistence of the viral genome in airway tissue (as assessed by biopsy) relative {0
other gene transfer agents (such as recombinant adenovirus). Nevertheless, gene
transfer failed to improve lung function in CF patients because transcription of the rAAV

40 vector-derived CFTR mRNA was not detected (Flotle, 2001; Aitken et al., 2001; Wagner

et al., 2002, Moss et al., 2007; Duan et al., 2000). These observations are consistent
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with later siudies on rAAV transduction using an i1 vifro model of the polarized HAE, in
which the cells are grown at an air-liquid interface (ALI) (Flotte, 2001; Duan et al,,
1998}, The poor efficiency of rAAVZ as a vector for CFTR expression in the HAE is
largely due to iwo major barriers: 1) inefficient post-entry processing of the virus, and 2)
the limited packaging capacity of rAAV.

The initial preclinical studies with rAAVZ-CFTR that supported the first clinical
trial in CF patients were performed in rhesus monkeys. These studies demonstrated
that viral DNA and transgene-derived CFTR mRNA persisted in the lung for long
periods following rAAVZ-mediated CFTR gene transfer (Conrad et al., 1996). However,
later studies comparing the efficiency of rAAVZ transduction between human and
rhesus monkey airway epithelial ALl cultures demonstrated that the tropism of rAAVZ
for apical transduction was significanily higher in the rhesus monkeys cultures than in
their human counterparts (Liu et al., 2007), likely due 1o species-specific differences in
the AAVZ receptors and co-receptors that exist on the apical surface. In studies of
polarized HAE, the majorily of AAVZ virlons were internalized following apical infection,
but accumulated in the cyloplasm rather than entering the nucleus (Duan et al., 2000,
Ding et al,, 2005). One obstacle to the intracellular trafficking required for productive
viral transduction is the ubiguitin-proteasome pathway (Duan ef al., 2000; Yan et al,,
2002}, transient inhibition of proteasome aclivity dramatically enhances transduction
(700-fold) of rAAVZ-luciferase vectors from the apical surface by facilifating
franstocation of the vector to the nucleus (Yan et al., 2008). However, the application of
proteasome inhibitors to enhance transduction efficiency of rAAV-CFTR veciors only
marginally improves CFTR expression, most Hikely due 1o the low activity of the short
promoter used in the rAAV-CFTR vectors (Zhang et al., 2004). The open reading frame
(ORF} of the CFTR gene is 4,442 kb, and thus approaches the size of the 4.679 kb AAY
genome. Although the AAV capsid can accommodate content in excess of iis native
DNA genome, its maximum packaging capacity is approximately 5.0 kb (Dong et al,
1896}, and transgene expression from vectors exceeding this limit result in significantly
reduced function (Wu et al., 1883). Given the requirements for 300 bp of cis-elements
from the AAYV genome (wo ITR sequences at the termini) and the 4,443 bp CFTR
coding sequence, there is little space left in the vector genome {257 bp) for a strong
promoter and polyadenylation signal. Thus, the first-generation rAAV-CFTR vector
(AV2.1gCF) that was tested in clinical trials, relied on the cryplic promoter activity of the
AAVZ ITR 1o drive transcription of the full-length CFTR cDNA with a synthetic
polyadenyiation signal (Flotte et al., 1893; Aitken et al., 2003).

More recently, a rAAV vector, AVZ2.1g83-CFTR was developed, which uses an
83-bp synthetic promoter (1g83) (Zhang et al., 2004) to improve expression of the full-
length human CFTR cDNA. The genome of this vector is 4.85 kb in size. Although this
vector produced a 3-fold increase in cAMP-mediated CI currents in CF HAE AL
cultures relative to AV2.1gCF, this level of expression remained suboptimal for
application in CF gene therapy. Other groups have attempted (o use a CFTR minigene
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1o create space for incorporating a betier promoter into the rAAV veclors; this seemed
justified based on earlier studies of CFTR gene function and structure indicating that the
deletion of short, nonessential sequences from the C-erminus and regulatory domain
{R-domain} had only minimal effects on the chioride channel function of CFTR (Zhang
5 et al., 1998). One widely used CFTR minigene is CFTRAR, which lacks 156 bp

encoding 52 amino acid residues (708-758) at the N-terminus of the R-domain. Gene
transfer with a recombinant adenoviral vector encoding CFTRAR in CF HAE AL
cultures demonstrated that this transgene retains at least 80% of the transepithelial CF
transport supported by full-length CFTR (Ostedgaard ef al., 2002). In addition, the

10 exprassion of CFTRAR in CFTRT knockout mice rescued the lethal intestinal phenotyps
{Ostedgaard et al,, 2011). This 156 bp deletion made i possible 1o package a rAAY
CFTR expression veclor 4.94 kb in length, with expression driven by a minimal CMV
promoter (173 bp), into an AAVS capsid (Ostedgaard et al,, 2005). Additional efforts
were aimed at developing AAV variant vectors of higher apical tropism, through directed

15 evoluytion of the AAV capsid in polarized HAE ALl cultures (Li et al., 2009). However,
these rAAV vectors did not provide efficient CFTR expression because the minimal
CMV promoter did not function well in fully differentiated airway epithelia.

Summary
To circumvent the size limitation of the promoter in a recombinant adeno-~

20 associated viral (fAAV) vector that can be used {o express certain transgenes, a set of
100-mer synthetic enhancer elements, composed of ten 10 bp repeats, were screened
for the ability to augment CFTR transgene expression from a short 83 bp synthetic
promoter in the context of a rAAV vector for application in cystic fibrosis {(CF) gene
therapy. Screening for the effectiveness of synthetic enhancers to augment transgene

25 expression was conducted in a stepwise fashion-in plasmids without AAV sequences,
proviral vectors in the form of plasmids with AAV sequences, and rAAY vectors. Both
plasmid transfection and viral vector transduction in cultured cell lines and whole
animals in vivo were evalualed. Initial studies assessing transcriptional activity in
monolayer (non-polarized) cultures of human airway cell lines and primary ferret airway

30 cells revealed that three of these synthetic enhancers (F1, F§, and F10) significantly
promoted transcription of a luciferase transgene in the context of plasmid transfection.
Further analysis in polarized cultures of human and ferret airway epithelia at an air-
liquid interface (AL, as well as in the ferret airway in vivo, demonstrated that the F5
enhancer produced the highest level of transgene expression in the context of an AAY

35 vector. Furthermaore, it was demonsirated that increasing the size of the viral genome
from 4.94 to 5.04 kb did not significantly affect particle vield of the vectors, but
dramatically reduced the functionality of rAAV-CFTR vectors because of small terminal
deletions that extended into the CFTR expression cassetie of the 5.04 kb oversized
genome. Since rAAV-CFTR vectors greater than 5 kb in size are dramatically impaired

40 with respect to vector efficacy, a shortened ferret CFTR minigene with 8 158 bp deletion
in the R-domain was utilizing 1o constiuct a rAAY vector (AV2/2.F5ig83-fCFTRAR). This
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vector yielded an about 17-fold increase in expression of CFTR and significantly
improved CI currents in CF ALl cultures. This small enhancer/promoter combination
may have broad utllity for rAAV-mediated gene therapy, e.g., CF gene therapy, o the
airway.

The disclosure provides a recombinant vecior such as a parvovirus vector, e.g.,
a recombinant adenoc-associated virus (rAAV) vector or a bocavirus {(BoV), such as a
human BoV, vector, comprising a synthetic enhancer having a plurality of synthetic
enhancer sequences operably linked to a promoter, e.g., a synthetic promoter. In one
embodiment, each of the plurality of enhancers has the same sequence. Inone
embodiment, at least 2 of the plurality of enhancers have a different sequence. Inone
embodiment, the synthetic enhancer is formed of different enhancer sequences, where
each unigue sequence may be represented once or more than once, and if more than
once, may be in fandem or inferspersed with other (different) enhancer sequences. For
example, the synthetic enhancer may have five different enhancer sequences, each
represented twice in the synthetic enhancer, and the repeated sequences may be in
tandem (or not).  In one embodiment, at least one of the enhancer sequences has a
TP53 binding site.  In one embodiment, at least one of the enhancer sequences has a
CREB binding site. In one embodiment, at least one of the enhancer sequences has g
NRF-1 binding site (CATGCGCAG). In one embodiment, plurality has a combinagtion of
one or more TPA3 binding sites, one or more NRF-1 binding sites, and/or one or more
CREB, e.g., CREBRBY, binding sites. In one embodiment, the enhancer sequence has a
binding site shown in one of Figures 8A-8C.  in one embodiment, the plurality has 2 up
fo 20 distinct synthetic enhancer sequences In one embodiment, at least one of the
enhancer sequences has no more than 15 bp. In one embodiment, the pluralily isup to
about 150 nucleotides in length, e.g., from about 20, 30, 40, 50, 80, 70, 80, 80, 100,
116, 120, 130, or 140 nucieotides in length. In one embodiment, the synthstic enhancer
comprises F1, F5 or F10. In one embodiment, the enhancer has at least 80%, 85%,
80%, 92%, 95%, 88% or 98% nuclectide sequence identity to F1, FS or F10. Inone
embaodiment, the linked promoter is a synthetic promoter. In one embaodiment, the
promoter is 1g83. In one embodiment, the promoter is an AAY promoter. In one
embaodiment, the promoter is a heterclogous promoter, e.q., from a different virus or
from a mammalian genome.  In one embaodiment, the promoter is operably linked to an
open reading frame, e.¢., a heterclogous open reading frame. in one embodiment, the
open reading frame encoedes a prophylactic or a therapeutic gene product, e.q., cystic
fibrosis transmermbrane conductance regulator, a-antitrypsin, f-globin, v-globin, tyrosine
hydroxylase, glucocerebrosidase, aryl sulfatase A, factor VI, dystrophin or
erythropoietin. In one embodiment, the combination of the plurality of enhancer
sequences and the promoter is no more than 300 nuclectides in length, e.g., no more
than 125, 150, 175, 200, 250, or 275 nucleotides in length. In one embodiment, the
combination of the plurality of enhancer sequences and the promoter is less than 500
nuclestides in length.  In one embodiment, the vector is a parvovirus vector such as a

4
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rAAV vector, e.g., an AAVT, AAVZ, AAV3, AAVE, AAVSE, AAVS, AAVT, AAVE, or AAVS
vector, or a human bocavirus vecior, e.g., HEBoV1, HBoVZ, HBoOV3 or HBoVY4, or an
evolved AAV or HBoV vector that adapts a unique tropism, e.g., optionally one with
shightly altered capsid sequences from known serotypes

This disclosure also relates to an approach to screen tissue-specific as well as
ubiguitous synthetic promoter/enhancer combinations in a step-wise fashion, in
plasmids, proviral vectors, and rAAY vectors, which can be used in the application of
rAAY gene therapy for the delivery of large transgene cassette. Examples of use
include but are not limited 1o express 4.3 kb B-domain deleted Factor-VHL in muscle
and/or liver for hemophilia A, or to deliver the 4.2 kb the gene-editing tool of
Strepfococcus pyogenes (SpCasy) and a chimeric sgRNA {ogether in any desired
tissue and organ in vivo,

Further provided are methods of using the recombinant parvovirus vecior to
infect cells, e.g., mammalian cells such as ferret, canine, feline, bovine, equine, caprine,
or porcine cells, or primate cells, e.g., human cells, for example, adminisiering a
composition comprising the recombinant parvovirus vector to a mammal. For example,
the recombinant parvovirus genome may include an expression cassette encoding a
heterologous gene product, e.q., which is a therapeutic protein such as cystic fibrosis
transmembrane conductance regulator, o~-antitrypsin, B-globin, v-gliobin, tyrosine
hydroxylase, glucocerebrosidase, aryl sulfatase A, factor VI, dystrophin, ervihropoietin,
alpha 1-antitrypsin, surfactant protein SP-D, SP-A or SP-C, ervthropoietin,, or a
cyiokine, e.g., IFN-alpha, IFNy, TNF, 1L-1, IL-17, or IL-8, or a prophylactic protein that is
an antigen such as viral, baclerial, tumor or fungal antigen, or a neutralizing antibody or
a fragment thereof that targets an epitope of an antigen such as one from a human
respiratory virus, e.q., influenza virus or RSV including but not limited {0 HBoV protein,

influenza virus protein, RSV protein, or SARS protein.

Brief Description of the Figures

Figures 1A-1D. Effectiveness of synthetic oligonucleotide enhancers in
augmenting aclivity of tg83-directed luciferase reporter plasmids in monolayer cultures,
A}y Schematic structure of the reporter vectors used to screen the enhancer library. The
transcriptional motifs of the synthetic 1g83 promoter are indicated. (B-D) Reporier
activity in monolayer cultures of human airway cell lines (B8) A548 and (C) IB3, and (D)
ferret primary airway ceils, following transfection with the indicated plasmids. Luciferase
assays were conducted 24 hours post-transfection. Data represent the mean (+/- 3EM,
N=3) relative luciferase aclivity of each transfection normalized to that of the enhancer
less vector pGL3-1g83luc, whose value in each cell-type tested was set to 1.

Figures 2A-2F. Effectiveness of enhancers F1, F5 and F10 in augmenting
activity of the {g83 promaoter in the coniext of proviral plasmids and rAAV. A) Effect of

the AAVZ ITR on transcription from the tg83 promoter, as evaluated foliowing

W

PCT/US2017/021124



WO 2017/155973 PCT/US2017/021124

10

15

20

(8]
(9]

40

transfection of A548 and primary airway ferret cells with pGL3-1g83 or pAV2-1g83iuc.
Data represent the mean (+/- SEM, N=3) relative luciferase activity (RLU) 24 hours
post-transfection. B) Effectiveness of enhancers on transcription following transfection
of AB49 and primary ferret airway celis with the indicated AAVZ proviral plasmids. Data
represent the mean (+/~ SEM, N=3) relative luciferase activily of each transfection,
normalized o the enhancer-less vector pAVZ2-ig83iuc (set to 1 for each cell type), at 24
hours post-transfection. C) Effectiveness of enhancers on transcription following
infection of A549 cells with the indicated rAAVZ vectors at 24 hours post-infection. Data
represent the mean (+/- SEM, N=3) relative luciferase activily for each infection,
normalized 1o the enhancer-less vector pAVZ2-ig83iuc (set to 1). (D and E) Effectiveness
of enhancers on transcription following basolateral infection of polarized () human and
{(E) ferret airway epithelia infected with 2x10' DRP of the indicated rAAV2 veciors. Data
represent the mean (+/- SEM, N=4) relative luciferase activity (RLU) for each condition
at 2 days post-infection. (F) Effectiveness of enhancers on transcription in lung and
fracheal tissue following infection of 5 day-old ferret pups with 2 x 10" DRP of

AV2/1 FEQ83Iuc or AVZ/1.F101g83luc, in the presence of proteasome inhibitors,
Luciferase activity was measured 8 days post-infection. Data represent the mean (+/-
SEM, N=4) relative luciferase activity (RLU/ug protein).

Figures 3A-3C. Impact of rAAV-CFTK construct size on restoration of CFTR
chioride currents in polarized CF airway epithelium. A) Schematic iHustration of
structures of rAAVZ vectors of distinct sizes that encode the fuli-length ferret CFTR
open reading frame (ORF) and R domain-deleted variants, under the control of the
same transcriptional elements: the 83 bp synthetic promoter (1g83), a 62 bp synthetic
polyadenylation signal (pA), a 17 bp 5" untransiated region (UTR), and a 9 bp 3" UTR.
The ORF of full-length ferret CFTR (fCFTR} is 4455 bp. The 99 bp 3xHA tag was
inserted between amino acid residues S900 and 1801, bringing fCFTR(HA) 10 4554 bp.
The fCFTRAR has a shortened CRF (4,286 bp); 53 amino acid residues (17081760,
159 bp) are deleted from the R-domain. fCFTRAR(HA) is 4385 bp in length, having a 99
bp HA-tag insertion and a 159 bp deletion in the R-domain. The functionalities of these
vectors on rescue of CFTR specific CF transport (reflecting by transepithelial short-
circuit currents (Isc)) were compared in differentiated CF HAE ALl cultures, foliowing
infection at 10" DRP per Millicell insert (MOI of about 10° DRP/cell) in the presence of
the proteasome inhibitors LLnbL (10 uM) and doxorubicin 2 uM). CF HAE ALl cultures
were generated from a conditionally transformed human CF airway celf line (CuFi8,
genotype AF508/AF508). B) Typical traces of the Isc changes from CF ALl cultures,
infected indicated AAV-CFTR veciors, following the sequential addition of various
inhibitors and agonists. Amiloride and DBIDS were used io block ENaC-mediated sodium
currents and non-CFTR chloride channels prior to addition of cAMP agonist (forskolin
and IBMX), and GlyH101 was used to block CFTR-specific currents. Alsc (IBMX &
Forsk) reflects the aclivation of CFTR-mediated chioride currents foliowing induction
with cAMP agonist, and Alsc (GIlyH101) reflects the inhibition of CFTR-mediated

6
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chioride currents following addition of GiyH101. C) Effects of vector size on rescue of
chioride isc currents. rAAV-CFTR veclors were increased by about 100 bp increments.
Shown are the Alsc (IBMX & Forsk) and Alsc (GlyH101) responses, indicating the
magnitude of CFTR-mediated chioride transport following basolateral infection CF HAE
ALl as described in (B). CFTR cuirents generated from primary non-CF HAE (N=14)
are provided for comparison. Data represent the mean (+/-SEM) for N=3 independent
Millicell inserts.

Figures 4A-48. Analyses of integrity of the viral genome by denaturing gel
electrophoresis and siot biot analysis. A) Viral DNA was exiracted from 10° DRP of the
indicated AAV-CFTR vectors, resolved on a 0.9% alkaline agarose gel, and transferred
o a Nylon membrane. Southern blotting was performed with a ¥P-labeled CFTR probe
1o visualize the viral DNA. B) To assess potential deletion that may have occurred at the
termini of positive and minus strand viral genomes, 3.33 x 10° DRP of each virus {liter
determined by TagMan PCR with probe/primer set against fCFTR cDNA) were loaded
in triplicate onto 3 Slot-Dot® SF Module (Bio-Rad, Hercules, CA) fitted with a Nylon
membrane. 3-fold serial dilution of proviral plasmid (3 x 10% 1o 3.7 x 107 copies) was
also loaded for generating the standard curves for quantitation. The blots were probed
with ¥P-iabeled oligonuciectides against the 1983 promoter, CFTR cDNA, or polyA. ()
and (+) represent the probes hybridizing to the minus and positive strand of the single
stranded rAAV genome. Hybridization was first conducted with the set of probes that
hybridize {0 the minus strand, and then reprobed with the set of oligonuclectides that
hybridize {0 the positive strand. The number of viral genome copies detected by each
probe was determined (mean+/- S E.M, N=3) based on measurement of the signal
densily using NiH image. and comparison {o standard curves.

Figure 5. Effects of the F5 enhancer on CFTR currents generated by CF HAE
following infection with rAAV vectors. CF HAE ALl were infected with AV2/2 {g83-
fOFTRAR or AV2/2 F5Ig83-fCFTRAR, at the indicated MOIs, from the apical or
basolateral surface. Proteasome inhibitors were co-adminisirated during the 16 hours
infection period. isc measurements of the infected ALl cultures were conducted at 2
weeks post-infection. The mean (+/- SEM) Alsc (BMX & Forsk) and Alsc (GlyH101) are
shown with the N for independent transwells assays indicated. Mock-infected CF and
non-CF HAE cultures are shown for reference.

Figures 8A-8B. Effects of the F5 enhancer on CFTR currents and 1g83-directed
CFTR transcription following infection with rAAV vectors. CF HAE ALl were infected with
AVZ/2 1g83FCFTRAR or AV2/2 F5tg83-fCFTRAR at an MOI of 2 x 10* DRP/cel from the
basolateral surface, in the presence of proteasome inhibitors. A) Isc was measured in
the infecied ALl cultures at 3 and 10 days post-infection. Alsc (IBMX & Forsk) and Alsc
(GlyH101) values are presented. B) The abundance of veclor-derived CFTR mRNAs in
cultures evaluated in Panel a, as determined using RS-PCR and normalized to GAPDH
transcripts in each sample. Data represent the mean (+/~ SEM) for N=3 independent

transwells in each panel.
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Figures 7A-7B. 5 day old ferrels were systemically infected with 2 x 10" DRP
AAV2/BFBig831uc or AAVZ2/BF 10ig83iuc via jugular vein injection. Animals were
euthanized 8 day post-infection, snap tissues from different organs were harvested and
homogenized in reporter lysis buffer (Promega) for luciferase assays. A) Data compare
the luciferase expression from the infections of AAV2/9F5tg83iuc or AAVZ/BF10tg83iuc
when the luciferase expression from F5ig83 promoter was arbitrarily set as 160 in each
tissue. B) Values represent the (mean +SEM, n=3) relative luciferase activity (RLU/ug
protein).

Figures 8A-8W. A-E)} Binding sites in F5 which may be employed {o prepare
synthetic enhancers as described herein. F-P) Binding sites in F10 which may be
employed 1o prepare synthetic enhancers as described herein. Q-W) Binding sites in
F5ig83, which may be employed {0 prepare synthelic enhancers or promoter as
described herein. SEQ 1D NOs: 31-68.

Figures 9A-D. Gene transfer efficiency of AV.FST83-hCFTRAR 1o the ferret
trachea and lung. Three day old ferrets were infected with 3 100 ul volume of § x 10"
DRP of AV F5Tg83-hCFTRAR in 500 uM doxorubicin. Non-infected animals were given
an equal volume of vehicle with doxorubicin, At 10 days post-infections the entire lung
and trachea were harvested and snap frozen in liguid nitrogen. Tissue was pulverized
and mRNA and cDNA generated for Q-PCR of human and ferret CFTR. (A and B)
Copies of hCFTR and fCFTR mRNA in the (A) trachea and (B8) lung. Copy number was
determined using a standard curve generated from serial dilutions of plasmid CFTR
cDNA for each species. {(C and D) Ratio of transgene-derived hCFTR o endogenous
FCFTR mRNA. C1-C3 represent animals in the mock-infecied group and A1-A3
represent animals in the AAV-infected group. The average is also shown for the three
AAV-infected animals. The dashed line represents endogenous levels of CEFTR (ratio =
1). Dala depicts the mean +/-SEM for N=3 animals in each group.

Figures 10A-D. AV.F5Tg83-hCFTRAR effectively transduces the mature ferret
airways. The lungs of 1 month old ferrets (N=3) wers transduced with 7.5 x 102 DRP of
AV F5Tg83-hCFTRAR harboring the hCFTRAR c¢DNA in a 500 ul volume of PBS in the
presence of 250 yM doxorubicin. A mock-infected control animal (N=1} received 500 uyl
PBS with no vecior in the presence of 250 uM doxorubicin. Veclior was delivered to the
lung with a PennCentury microsprayer through tracheal intubation. Nasal delivery in the
same animals was also performed using 100 plb. containing 1.5 x 10" DRP with 250 uM
doxorubicin by instillation of fluid. Mock-infected nasal delivery received PBS with 250
i doxorubicin, At 12 days following infeclion, the fung lobes were harvested
separately along with the trachea, carina, and nasal urbinates with surrounding
adventitia. The tissues were snap frozen and pulverized samples were processed
separately for mRNA and DNA. A) TagMan RNA-specific PCR (RS-PCR) for human
CFTR mRNA and endogenocus ferret GAPDH mRNA for vector and mock treated
animals. Resulls show the ratio of hCFTRAGAPDH mRNA. B) TagMan RS-PCR for



WO 2017/155973 PCT/US2017/021124

endogenocus ferrel CFTR mRNA and endogenous ferret GAPDH mRNA for vector and
mock treaied animals., Resuits show the ratio of f{CFTRAGAPDH mRNA. C) TaghMan Q-
PCR for the number vecior genomes in each sampile per 100 ng DNA. D) The ratio of
mRNA copies for hCFTRACFTR for each sample. 1 is equal to endogenous leveis of

5 CFTR {red dashed line). Lung samples contained on average 3.0+/-0.5 copies of
transgene derived hCFTR mRNA per copy of fCFTR mRNA. Trachea and nasal tissus
transduction was more variable, but averaged one copy of transgene derived
RCFTRACFTR mRNA. Results depict the mean +/-SEM for the vector treated animais.

Detailed Description

10 Gene therapy has been widely used in clinical trials since 1980s with many
successful cases reported using viral or non-viral vectors to deliver therapeutic genes.
FAAY is the most widely used one proven of high safety profile, broad tissue/organ
fropism and persistence transgene expression. AAY is a small single stranded DNA
virus of an inherently small 4.679 kb genome, thus the application of rAAY for gene

15 therapy is restricted {o delivering relative small fransgenes. Although AAV capsid can
house g rAAV genome slightly larger than its original size, 4.95 kb appears o be the
maximal size for efficient transgene expression. Since a 300-bp sequence of an AAV
essential ¢is element (terminal repeats at both termini) is included in a rAAY vector, the
actual insertion of an exogencus gene expression cassetie cannot exceed 4.6 kb, This

20 is a challenge for delivering effective expression of a large gene whose size
approaches to this fimit,

One typical example is to deliver the CFTR gene (cystic fibrosis
fransmembrane conductance regulator) for cystic fibrosis (CF) gene therapy using
rAAY vecior. The coding sequence for OFTR gene is as large as 4.443 kb, To construct

25 a CFTR expressing AAV vecior, with the necessity of minimal 5" and 3' UTR and the
cloning sites, there is g room of less than 200 bp to incorporate promaoter and
polyadenyviation signal 1o direct the transcription of full-length CFTR cDNA,

Recently, a CFTR knockout ferret model was established that spontaneously
develops a lung phenotype that mirrors key features of human CF disease, including

30 spontaneocus baclerial infection of the lung, defective secretion from submucosal
glands, diabetes, and gastroiniestinal disease (Sun et al,, 2008, Sun et al., 2010, Oliver
et al., 2012; Sun et al., 2014; Yan et al., 2013, it has been demonstrated that the
airways of newborn ferrets can be efficiently transduced by rAAV1T in the presence of

proteasome inhibitors (Yan et al., 2013). Thus, prechinical studies in the CF ferrel model

o8}
W

can be initiated as soon as a rAAV vector that effectively expresses CFTR in airway
epithelium is generated. rAAV inherently small 4.679 kb genome necessitates the use
of a short but robust transcription regulatory element to effectively express a large
transgene whose size approaches to the package limit. cassette was generaled that
efficiently expresses the ferret CFTR (fCFTR) gene.

40 The first-generation rAAV-CFTR vector (AVZ21gCF}, relied on the cryptic
promoter aclivity of the AAV2 ITR, inefficiently expressed CFTR in clinical trials. To
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overcome this problem, ancother rAAY vector, AV2.1g83-CFTR, which uses an 83-bp
synthetic promoter (g83) was used {o improve expression. Although this vector
produced a 3-fold higher in CAMP-mediated Cl- currenis in CF HAE ALl cultures than
AVZ 1gCF, this level of expression remains suboptimal for application in CF gene
therapy. So, there is an immediate need for g strong short promoter to divect the CFTR
expression in the AAV vecior for CF gene therapy. Similarly, to express the 4.3kb B-
domain deleted Factor-VH in muscle and/or liver for hemophilia gene therapy using
rAAY, short promoter effective in muscle and Hiver is alse needed.

Anocther example is {0 deliver the CRISPR/Cas@ system for gene editing. The
recent development of CRISPR/Cas9 gene editing technique promotes a new human
gene therapy strategy by correcting a defect gene at pre-chosen sites without altering
the endogenous regulation of gene of interest. This system consists of two key
components: Cas9 protein and sgRNA, as well as a correction template when needed.
rAAY can be used {0 deliver these elements in vivo 1o various target organs, bul the co-
delivery of Cas9 proiein and the a chimeric sgRNA in the same cell is reguired while the
dual-AAV vector delivery system is low efficient. Because the size of the expression
cassette for Strepfococcus pyogenes (SpCas8) and the transcription casseite sgRNA
together exceeds 4.2 kb, to use a single rAAV veclor to deliver the efficient expression
SpCas9 protein, it necessitates the use of small but robust promoter/fenhance sequence
o direct the SpCas9 expression, thus, ubiquitous and/or tissue-specific enhancers are
desired. Although Staphylococcus aureus Cash (Salas8), which is about 1.0 kb
smaller in size, fils together with its sgRNA and relevant expression casseties within a
single AAV vector, using short synthetic promoter allows for the additional incorporation
of the gene correction template for an all-in-one rAAV vedctor in the application of gene
editing-based gene therapy.

As described below, short {less than 0.2 kb) synthetic enhancer/promoters
provide a solution 1o solve the current problem of rAAV vector in delivering a large
transgene cassetie. This disclosure, in one embodiment, relates to the use of 2 183-bp
F51q83 synthetic enhancer/promoter to rAAV vectors o deliver effective CFTR
expression in lung airway tissue for CF gene therapy. This discigsure, in one
embaodiment, also provides an effective approach to screen and identify tissue-specific
or ubiguitous synthetic promoter/enhancer combinations.

Since enhancer activity differs by cell lines and state of cell differentiation, as
well as is influenced by the AAV ITRs and by the sequence of gene of interest, the
soreening was conducted in a step-wise fashion, e.g., in plasmids, proviral vectors, and
rAAV vediors.

in one embodiment, the screening system includes a defined 83-mer synthetic
core promoter (1g83p) and a set of random 100-mer synthetic sequence of potent
enhancer activity. The screening approach can be used to screen the 100-mer
synthetic sequences for their enhancer activily to enhance promoter transcription, e.g.,

the 83 bp tg83p promoter transcription, in different organ/tissue for different gene of

10
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interests, in a similar in a step-wise fashion: such as to direct the Factor VIl expression
in muscle or liver, as well as to direct the Cas9 protein expression in any specific
tissues or stem cells. Besides tissue-specific expression, the approach also can be
used to identify an enhancer of ubiquitous effect to improve the {g83p promoter aclivity
in a wide range of tissue/organ, through iesting rAAY derived reporter gene
expressions at a multi-organ level.

Specifically, a set of vectors containing the synthetic 1g83 promoter linked with
different synthetic sequences (about 100 bp) of potent enhancer activilty, was
constructed for initial screening in mondlayer (non-polarized) cultures of human airway
cell lines and primary ferret airway cells, which as discussed below revealed that three
of these synthetic enhancers (F1, F5, and F10} significantly promoted transcription of a
fuciferase transgene from tg83p in the contexd of plasmid transfection. The next was {0
construct rAAV reporter vectors with pre-chosen candidates (F1-, F5-, or F5-1g83p
enhancer/prompter combination). These veclors also incorporated a partial sequence of
the gene of interest (CFTR here) that can maximally fit into the rAAV genome; this
approach allows for the screening of cDNA sequences that will ultimately reside in the
recombinant virus and also influences enhancer/promoter activity through unknown
processes (likely secondary structure of the DNA). Analysis in polarized cultures of
human and ferret airway epithelia at an air-liquid interface (AL} in the context of AAV
vector infection found that the combination of F5ig83 (183 bp in iength) was the most
efficient promoter in both ALl cultures, leading to 19.8-fold and 57.5-fold increases in
reporier (firefly luciferase) expression, respectively, over the enhanceriess counterpart.
The F5tg83 promoter aiso produced the highest level of transgene expression in the
ferret alrway in vivo. Finally, the F51g83 promoter was used the tAAV-CFTR vecior to
direct the CFTR expression, the vector (AV.FSIg8ACFTRAR) yielded an about 17-fold
increase related to the enhancer-less vector (AVgB3CFTRE) in vecior derived CFTR
mRNA transcription and significantly improved Cl- currents in human CF AL culiures.

Thus, expression from rAAV veclors having a large transgene was enhanced
using small synthetic enhancer/promoter combinations having from a defined 83-mer
synthetic core promoter and a set of random synthetic 100-mer synthetic enhancers. In
particular, several short 183 bp synthetic promoter/enhancer combinations (F51g83,
F11g83 and F101ig83) were capable 1o direct strong transgene expression in human as
well as non-human mammalian (such as ferrel) airway cells. In one embodiment, the
robust F51g83 promaoter can be used in rAAVY vector to deliver the 4.4 kb cystic fibrosis
transmembrane conductance regulator (CFTR) for cystic fibrosis gene therapy.

The invention will be further described by the following non-limiting examples.

Example 1
Materials and Msthods

Froduction of rAAV Vectors, All rAAY vector stocks were generated in HEK203

celis by iriple plasmid co-transfection using an adenovirus-free system, and purified

11
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with two rounds of CsCl ultracentrifugation as reported in Yan et al. (2004). For all viral
vectors and proviral plasmids, rAAV2 genomes were used and packaged into AAVZ or
AAV1 capsid to generate rAAVEZ/2 and rAAVZ/1 viruses, respectively. TagMan real-time
PCR was used o quantify the physical titer (DNase resistant particles, DRP) of the
5 purified viral stocks as described in Yan et al. (2008) and Ding et al. (2008). The PCR

primet/probe set used to liter luciferase veciors was: 5~
TTTTTGAAGCGAAGGTTGTGG-3 (forward primer) (SEQ 1D NO:1), 5-
CACACACAGTTCGCCTCTTTG-3 (reverse primer) (SEQ 1D NO:2) and 5-FAM-
ATCTGGATACCGEGGAAAACGCTGGGCGTTAAT-TAMRA-3 probe) (SEQ 1D NO:3),

10 the primer/probe set used for ferret CFTR vectors was 5
GACGATGTTGAAAGCATACCAL-3 (forward primen (SEQ 1D NG44}, 5-
CACAACCAAAGAAATAGCCACC -3' (reverse primer) (SEQ 1D NQ:5) and 5-FAM-
AGTGACAACATGGAACACATACCTCCG ~-TAMRA-Y (probe) (SEQ D NOQ:8). All
primers and probes were synthesized by IDT (Coralville, 1A). The PCR reaction was

15 performed and analyzad using a Bic-Rad My IQ™ Real-time PCR detection system and
software.

Analysis of Integrity of Virel Genomes. Viral DNA was exiracted from 10° DRP

of AAV-CFTR vectors and resolved in 0.9% alkaline denatured agarose gel at 20 volis
overnight in 50mM NaOH/1 mM EDTA buffer. Following transfer to a Nylon membrane,

20 Southern blotting was performed with a **P-labeled CFTR probe 1o visualize the viral
DNA. For examination of 8 end genome deletions in the oversized rAAV vectors,
3.33x10% DRP of each virus {quantitated by TagMan PCR with probe/primer set against
fOCFTR cDNA)j was lpaded into a slot blotling Nylon membrane. The blois were first
hybridized to a set of three **P-labeled oligonucieotide probes against the minus strand

25 of the rAAV genome: at the §' sequence of the tg83 promoter: tacccicgagaacgyigacgiy
(SEQ 1D NO:7); the center of ferret CFTR cDNA! ggagatgogootgicicotggaatg (SEQ 1D
NO:8); and the 3' sequence of the synthetic polyA: goatecgatcagagigigtiggttittigioie (SEQ
D NGQ.9). After exposure 1o X-film, the membranes were stripped of probe and
hybridized again io another set of three **P-labeled oligonucieotide probes

30 complimentary 1o the positive strand. NiH ImagedJ software was used 1o quantify the
signal intensity of hybridization to determine the corresponding number of genomes
detected by each probe with serial dilutions of the proviral plasmid as standards.

Cell Culture and Conditions for Transfections and Infections. Human airway cell

lines A549 and 1B3, as well as HEK 283 cells, were cultured as monolayers in
35 Dulbecco's modified Eagle medium (DMEM), supplemented with 10% fetal bovine
serum and penicillin-streptomycin, and maintained in a 37°C incubalor at 5% CO..
Primary ferret airway cells were isolated and cultured as non-polarized monolayer or at
an ALl {o generate polarized epithelia as described in Liu et al. (2007). Polarized
primary HAE were generated from lung transplant airway tissue as described in Karp et
40 al. (2002) by the Celis and Tissue Core of The Center for Gene Therapy at the

University of lowa. Polarization of celis of the CuFi8 line, a conditionally transformed cell

12



WO 2017/155973

N

10

20

40

PCT/US2017/021124

line that was generated from AF508/AF508 CF airway celis (Zabner et al., 2003), were
polarized at an AL using conditions similar {o those used for primary HAE (Yan et al,,
2013). Ferret and human airway epithelia were grown on 12 mm Millicell membrane
inseris (Millipore) and differentiated with USG medium of 2% Ultroser G supplement
(Pall BioSepra, SA, France) al an ALl prior to use. Cell lines and primary monolayer
culiures of airway cells were transfected with plasmids using lipofectamine and 1.0 ug of
plasmid. For rAAV infections of A549 celis, polarized human or ferret airway epithelial
cells, vectors were typically left in the culture medium for 24 hours (A549 celis) or 16
hours {polarized cells). For apical infection of the polarized HAE ALl cultures, vectors
were diluted in USG medium to a final volume of 50 ul. and applied to the upper
chamber of the Millicell insert. For basolateral infeclions, vectors were directly added to
the culture medium in the botlom chamber. Proteasome inhibitors were supplied in the
culiure medium throughout the period of infection to polarized cells, at 40 uM LLnk (N-
Acetyl-L-leucine-L-leucine-L-norleucing) and 5 gpM doxorubicin in the case of polarized
human, and 10 pM LLnk and 2 uM doxorubicin in the case of CuFt ALl culfures and
ferret AL cultures. Epithelia were exposed to the viruses and chemicals for 16 hours
and then removed. At this time, the Millicell inserls were briefly washed with a small
amount USG medium and fresh USG medium was added to the bottom chamber only.
Doxorubicin was from Sigma (S, Louis, MO) and LLnbl was from Boston Biochem
(Cambridge, MA).

rAAV Infection of Ferret Lungs. All animal experimentation was performed

according to protocols approved by the institutional Animal Care and Use Commitiee of
the University of lowa. In vivo infection of ferret lungs was performed by intra-tracheal
injection of a 300 Wl inoculum containing 2 x 10" DRP of rAAV2/1 and 250 pM
doxorubicin. Prior to infection at 5 days of age, ferrei kits were anesthetized by
inhalation of a mixture of isofluorane and oxygen. At 8-day post-infection, the animals
were euthanized with an overdose sodium pentobarbital intraperitoneal injection. For
luciferase expression assays, the ferret trachea and lung casselte was immediately
frozen in liquid nitrogen and then pulverized using a cryogenic tissue pulverizer. 1 mi of
Fassive Lysis Buffer (Fromega, Madison, W) was added to the pulverized tissue {0
extract protein. After four freeze-thaw cycles, the tissue extract was centrifuged at
15,000 rpm for 5 minutes, and the clarified tissue extract was used for luciferase assays
with a luciferase assay Kit from Promega.

Measurement of Expression of the Firefly Luciferase Reporier. Al the indicaied

times post-infection or transfection, celis were lysed with luciferase cell lysis buffer and
luciferase enzyme activity in cell lysates was determined using the Luciferase Assay
System {(Promega) in a 20/20 luminometer equipped with an automatic injector (Turner
Biosystems, Sunnyvale, CA}.

Measurement of Short-Circuit Currents. Transepithelial short circuit currents

(Isc) were measured using an epithelial voltage clamp (Model EC-828) and a self-

13
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contained Ussing chamber system (both purchased from Warner instruments, inc.,
Hamden, CT) as described in Liu et al. (2007). Throughout the experiment the chamber
was kept at 37°C, and the chamber solution was aerated. The basolateral side of the
chamber was filled with buffered Ringer's solution containing 135 mM Nadcl, 1.2 mM
CaClz, 1.2 mM MgClz, 2.4 mM KHPQOu, 8.2 mM KeHPQ., and 5 mM Hepes, pH 7.4. The
apical side of the chamber was filled with a low-chloride Ringer's solution in which 135
mM Na-gluconate was substituted for NaCl. Transepithelial voltage was clamped at
zZero, with current pulses applied every 5 seconds and the shori-circuit current recorded
using a VCC MO8 multichannel voltage/current clamp (Physiologic Instruments) with
Quick DataAcg software. The following chemicals were sequentially added to the apical
chamber: (1) amiloride (100 pM), to inhibit epithelial sodium conductance by ENaC; (2)
4 4'-diisothiocyanato-stiibene-2,2'-disulfonic acid (B1DS) (100 pM), to inhibit non-CFTR
chioride channels; (3) the cAMP agonists forskolin (10 uM) and 3-isobutyl-l-
methyixanthine (IBMX) (100 pM) 1o activate CFTR chloride channels; and (4) the CFTR
inhibitor GlyH-~101 (N-(2-naphthalenyh-[(3,5-dibromo-2 4-dihydroxyphenyl) methyieng]
glycine hydrazide) (10 uM) to block Cl secretion through CFTR. Alsc was calculated by
taking the difference of the plateau measurement average over 45 seconds before and
after each change in conditions (chemical stimulus).

Gluantitative Analysis of Veclor-Derived CFTR mRBRNA Following Transduclion

with tAAV, The total RNA from rAAV-infected cells was prepared using the RNeasy
Mini plus Kit (Qiagen). Since the residual ssDNA rAAV genome in the RNA sample can
be an undesirable template for traditional Real Time PCR, a modified RNA-specific
method for PCR of the rAAVY vector * was used to detect the vector-derived ferret
CFTR mRNA. In brief, the 15tstrand cDNA synthesis was primed with an adapter {jower
case)-linked, vector-specific primer that targets the synthetic polyadenyliation signal
sequence (upper cases). The sequence of this primeris 5-
gcacgagggcgacugucallGAUCGAUGCAUCUGAGCUCUUUAVUUA-3 (SEQ 1D NO:10),
in which all dTs are replaced with dU. After RNase H digestion was carried out io
eliminate the RNA templates, a ferret CFTR-specific primer {5
TGCAGATGAGGTTGGACTCA-3,, SEQ 1D NO:11) was used for synthesis of the 2™
strand. In order to avoid false amplification from cDNA produced from the single-
stranded viral DNA, ali of the du components in the 15 and 2%-sirand cDNA products,
as well as the excess adapter primers, were degraded by applying uracyl-N-glycosyiase
{UNG). Thus, a 2™-strand cDNA product linked 1o the complementary sequence of the
adapter derived exclusively from rAAV transcripts was produced. The primer set for
TagMan PCR contained the ferret CFTH sequence 5-CAAGTCTCGCTCTCAAATTGC-
3 (SEQ D NO:12), and the adapier sequence 5-GCACGAGGGCGACTETCA-3 (SEQ
ID NO:13). The TagMan probe used was 5-FAM-
ACCTCTTCTTCCGTCTCCTCCTTCA-TAMRA-S (SEQ ID NO:14).

Resulis
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Synthetic olivonudleotide enhancers that increase 1g83 promoter-driven transcription in

airway cells.
A previous unbiased screen evaluating short synthetic enhancers from a library

containing 52,429 unigue sequence identified enhancer elements capable of activating
transcription from the 128 bp minimal cytomegalovirus (CMV) IE promuoter (-53 io +75)
in Hel.a cells (Schiabach et al., 2010). This library comprised all possible 10-mer DNA
sequences, printed on micrearrays as 10 tandem repeats (for a total length of 100
bases each). The best-performing 100-mer oligonuciectides enhanced the transcription
of this 128 bp CMV IE minimal promoter 1o 75%~137% of that induced by the 600 bp
wild type CMV IE promoter (Schlabach et al., 2010). In previous studies, 2 83 bp
synthetic promoter sequence (g83) was used to express the full-length CFTR gene
from a rAAV vector (AV2.1g83-CFTR), and it was found {o produce higher transgene
expression in CF HAE cultures than the cryptic promoter of the AAVZ ITR (Zhang et al,,
2009). The 1g83 promoter consists of an ATF-1/CREB site and an Sp1i-binding site
from the promoter of the Na, K-ATPase o1 subunit, and the TATA box and transcription
start site from the CMV IE promoter. It was hypothesized that combining the (g83
promoter with a synthetic enhancer identified through this library screen would produce
transcriptional units of greater efficiency in polarized human and/or ferret airway
epithelia in vifro and in vivo. To test this possibilily, the top eight enhancer sequences
identified by Schiabach et al. (F1, F4, F5, F10, C9, D3, CREBS and CRERS; Schiabach
et al., 2010) were evaluated for their ability 1o enhance 1g83 transcription in human and
ferret airway epithelium.
E1
AGTCAGGGCAAGTCAGTGGLAAGTCAGGRLAGTCAGGGCAGTCAGGGLAAGTC
AGGGCAAGTCAGGGECAAGTCAGGGCAAGTCAGGGCAAGTCAGGGLA (BEQID
NO:15)
F18
gaatigacgeatatatigacgcatatigacgeaaatigacgcaaaigacageaagatigacgeaaaitgagegcaaati
gacgcaaattaattgacgeat (SECQ 1D NG:16)
F4
CTGATGCAATCTGATGCAATCTGATGCAATCTGATGCAATCTGATGCAATCTGAGC
AATCTGATGCAATCTCATGCAATATCGATGAATCTGATGCAAT (SEQ ID NOT)
i)
TGGTGAGCGTCTGGGCATGTCTGGECATGTCTGGGCATGTCTGGGCATETCGGS
CATTCTGGGCGTCTGGGCATGTCTGGGCATGTCTGGGCA (SEQ 1D NO:!18)
[ox)
GCTGATGCAATCTCGATGCAATCTGATGCAATCTGATGCAATCTGATGCAATCTGAG
CAATCTGATGCAATCTCATGCAATATGATCAATEGTGATGCAATT (BEQ ID NOCHY)
[p}]
GCTGATGCAATCTCGATGCAATCTGATGCAATCTGATGCAATCTGATGCAATCTGAG
CAATCTGATGCAATCTGATGCAATATGATGAATGTGATGCAATT (BEQ ID NG:20)
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CREES
ATTGACGCGGATTGACGCGGATTGACGCGGATTGACGCGGATTGACGCGGATTGA
CGCGGE (SEQ 1D NO:21)

CREES
ATTGACGCGGATTGACGCGGATTGACGUCGGATTGACGCGGATTGACGCGGATTGA
CGCGGATTGACGCGGATTGACGCG (SEQ 1D NO:22)

Enhancer/Promoter combinations:

1g83

ctegagaacggigacgigcacgegigggeggagecatcacgoaggiigotalataageagageicgttiagigaacogic

aga (SEGQ 1D NO:23)

F11g83

AGTCAGGGCAAGTCAGTCGCAAGTCAGGGCAGTCAGGGCAGTCAGGGCAAGTCA

GGGCAAGTCAGGGCAAGTCAGGGCAAGTCAGGGCAAGTCAGGGCACicgagaaegylg

acglgeacgegigggeggagecatcacgeaggatigotatataageagagctegtitagigaacegteaga (SEQ D

NO:24)

F10tg83

GAATTCACGCATATATTGACGCATATTGACGCAAATTGACGLAAATGACAGCAAGA

TTGACGCAAATTCGAGCGCAAATTGACGCAAATTAATTGAC

aga {(SEQ IDNO:25)

E4ig83

CTGATGCAATCTGATGCAATCTCATGCAATCTGATGCAATCTCGATGCAATCTGAGC

AATCTGATGCAATCTGATGCAATATGATGAATGTGATGCAAT

ctegagaacggigacgigoacgegtaoggoeguagocalcacgeaggtigetatataageagageicghitagigaacegic

aga (SEGQ 1D NGC:26)

Eaia83

GCTGGTGAGCGTCTGGGCATGTCTGGGLCATGTCTGGGCATGTCTGGGCATGTCGG

GCATTCTGGGCGTCTGGGLATGTCTGGGCATSTCTGGGCAT clegagaacygigacgtgea

caogtaggoggagecatcacgeaggtigotatataagoagagoicgtitagigaacegicaga (SEQ 1D NO:2T)

£3tg83

GCTGATGCAATCTGATGCAATCTGATGLAATCTGATGCAATCTGATGCAATCTGAG

CAATCTGATGCAATCTGATGCAATATGATGAATGTGATGCAAT Teicgagaacggtgacglg

cacgegiggaceggagecatcacgeaggttgotatataageagagetogitiagtgaacegteaga (SEQID

NQ:28)

B8ig83
GCTGATGCAATCTGATGCAATCTCATGCAATCTGATGCAATCTCATGCAATCTGA
GCAATCTCATGCAATCTGATGCAATATCGATGAATGTGATGCAAT Tetegagaacggigas
gtgcacgegigaacggagecatcacgeagqatigoetatataageagagoiegitiagigaacegteaga (SEQ D
NO:29)

CREBS1G83
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ATTGACGCGGATTGACGCGGATTGACGCEGATTCGACGCGGATTCACGCGGATTG
ACGCGGoicgagaacggtgacgtgcacgegiggucggagecatcacgoagatigeotalataageagagotegttt
agtgaaccgicaga (SEQ D NO3G)

The 1983 promoter was cloned info the promoter-less luciferase reporter
plasmid pGL3-Basic Vector (Promega) (o generate pGL3-1g83. Next a series of
luciferase reporier expression plasmids were constructed, in which one of the eight 100-
mer enhancers was placed in front of the tg83 promoter of pGL3-1g83 Figure 1A).
Comparison of reporter expression from pGL3-1g83 and s enhancer-containing
derivatives was conducted in monolayer (non-polarized) cultures of two human airway
cell lines (A549 and 1B3) and primary ferret airway cells (Figures 1B-1D). Two additional
fuciferase expression plasmids, pAV2Z-CMV-luc (contains the wild type, 600 bp CMV IE
enhancer-promoter) and pAV2-CBA-uc {contains the CMV IE enhancer-chicken p-actin
promoter, i.e., the CBA promoter) were included as conirols for high-level promoter
activity. Assessment of luciferase expression following plasmid transfection
demonstrated that all of the enhancers tested increased tg83-driven luciferase
expression, and that their efficiencies varied by cell line: in the human A459 cell and the
primary ferret airway cell cultures, F11g83 and F51g83 exceeded the activity of the CBA
and CMV promoters; and in the human IB3 cell cultures, F10ig83 was most effective but
drove far less expression than the CMV promoter (Figures 1B~1D).

The F5 element most efficiently enhances 1g83-driven transcription in polarized human

and ferret airway epithelia in vifro. as well as in the ferret airwav jn vivo.

Since the F1, F5 and F10 enhancers were the most effective in activating 1g83-
driven franscription in airway-cell monolayer culiures, the abilities of these elements to
promote transcription in the context of rAAV vector genomes was evaluated. Four rAAV
proviral vectors harboring a luciferase expression cassetie were constructed, with
expression driven by 1g83 (enhancer-less), F1ig83, F5i1g83 or F10tg83. The pAVZ-4g83-
fCFTR proviral plasmid was used as the template vector for cloning, Hs promeoter and
the 5' portion of the TCFTR coding region were replaced with the 2.1 or 2.2 kb luciferase
expression cassetie. The genome size was 4.75 kb in the case of rAV2.1g83luc, and
4.85 kb for the enhancer-containing vectors. This design was used for two reasons.
First, retaining as much of the fCFTR sequence as possible ensured that the vector
genome size would be similar to those of the rAAV-CFTR expression vectors that would
ultimately be generated. Second, retaining regions of the {CFTR ¢DNA maximized the
potential influences of the ferret CFTR sequence on enhancer function.

As a first step in investigating whether AAV ITRs and the portion of {CFTR
fransgene sequence to be tested (i.e., 3" half of the fTCFTR ¢DNA) influence transcription
from the tg83 promoter, reporter expression from pGL3-1g83 and pAVZ-1g83iuc
plasmids was compared following transfection into monolayer cultures of A549 and
primary ferret airway cells. pAVZ-1g831uc plasmid was found 10 be 2.5-fold (in A549) and
2-fold {in primary ferret airway celis) more transcriptionally active than the pGL3-based
plasmids (Figure 2A), suggesting that inclusion of the AAV ITR and/or the fCFTR stuffer
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sequences had an overall positive effects on activily of the 1g83 promoter. Then
reporter-gene expression for pAVZ-F1ig83luc, pAVZ-Faiga3luc, pAVZ-F10ig83iuc, and
pAV-1g83iuc plasmids was compared. As expected, the F1, F5 and F10 enhancers
significantly improved transcription from the tg83 promoter (about 10- to 19-fold) in both
cell types (Figure 2B). However, the effectiveness of nearly all enhancers was
significantly reduced (about 3- to 18-fold) within the rAAV proviral plasmids when
compared to pGL3-1g83 plasmids lacking ITRs and the CFTR sequence (Figure 2B
solid bars vs. Figure 1B, Figure 2B open bars vs Figure 10). This suggests that the
sequences from the AAV TR and/or portions of the ferret CFTR ¢DNA have an overall
negative impact on enhancer function. However, this effect on the synthetic enhancers
differad between the A549- and ferret primary airway-cell monolayers. In A549 cells, the
F1 enhancer was most significantly influenced, with its activity in the rAAV proviral
plasmid decreased by 18.1-fold, whereas those of the F5 and F10 enhancers
decreased by only 8.2-fold and 3.8-fold, respectively. In primary ferret airway cells, the
F1 and F5 enhancers had 4.4-fold and 2.8-fold decreased aclivity, respectively, in the
context of the proviral plasmid, whereas the function of F10 was slightly enhanced
(about 40%).

Next expression from the various enhancer elements was evaluated in the
context of rAAV2/2 vectors. In A549 cells, similar increases in expressions from the
enhancerftg83 promoter combination were observed following the transfection with the
proviral plasmid and infection with the corresponding rAAV vector (Figure 2B solid bars
vs, Figure 2C). Primary human and ferret airway epithelial ALI culture were then
infected with squal titers of each rAAV vector, and transgene expression was assessed
at 2 days post-infection. These experiments demonstrated that F5tg83 is the most
efficient promoter in both human and ferret ALl cultures {(Figures 2D and 2E), leading to
18.6-fold and 57 .5-fold increases, respectively, in tg83-driven transcription over that
driven by the enhancer-less control (Figures 2D and 2E). Notably, the differentialed
state of ferret airway epithelial celis appeared to dramatically influence expression from
the various enhancer/tgd3 promoter combinations in the context of rAAY transduction;
the F5 enhancer more effectively enhanced 1g83 expression in the polarized epithelium
(Figure 2E; 57 .5-fold) than in undifferentiated monolayers (Figure 2B; 16.6-fold); the F1
enhancer only marginally increased activity of the 1g83 promoter in polarized celis, but
increased transgene expression 13.8-fold in monolayer celis.

Lastly, the in vivo gclivities of the F5tg83 and F10ig83 promoters were
compared in the airways of newborn ferrets, using intratracheal injection of two rAAV1
capsid pseudotyped vectors (AV2/1.F51g83luc and AV2/1.F10tg83luc; equal particle
titers injected). This capsid serotype had previously been shown to be effective at
transducing the ferret airways in the presence of a proteasome inhibitor (Yan et al.,
2013). Luciferase activity was measured in exiracts prepared from tracheal and lung
tissue at 8-day post-infection, and F51983 was found to be more effeclive than F10ig3 in
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transducing both ferret lung and trachea (Figure 2F). These findings were consistent
with those for polarized ferrel airway epithelial ALl cultures (Figure 2E).
A narrow limit for rAAY genome size significantly influsnces functionalily of IAAV-CFTR

vectors while not altering packaging efficiency.
The size of the expected AVIg83fCFTR genome if fully packaged is 4.937 kb
{Figure 3A). Incorporation of the F5 enhancer would increase this 1o 5.040 kb. Although

it is well accepted that AAY can encapsidate a rAAY genome slightly longer than s
natural size (4.67%9 kb), gradually increasing the size of a rAAV vectorfrom 4675 kb io
4.883 kb and 5.083 kb results in 25% and 75%, respectively, decreases in transduction
{Dong et al., 19886}, Furthermore, single-molecule sequencing (SMS) of the two rAAY
termini following packaging of g 5.8 kb proviral genome revealed that the 5 ITR was
unstable and had incurred deletions (Kapranov et al,, 2012). Given that the limits for
functional genome packaging in the context of rAAV-CF TR vectors have yet to be
defined, it was uncertain whether a 5.04 kb AV.F51g83fCFTR genome would be
compromised with respect to genome stability and function.

This guestion was addressed by constructing a 5.036 kb AVZ2.1g83-fCFTRHA)
vector in which the CFTR expression cassetie was expanded by the addition of a 3xHA
epitope tag (99 nuclectides) in the region encoding the fourth extracellular loop (ECL4S)
of ferret CFTR {previous studies had revealed that this insertion has no impact on
chioride~-channel function (Glozman et al., 2009; Fisher et al., 2012)). This vector
allowed us to interrogate how size of the genome influences CFTR functionality in the
absence of changes to transcription of the fransgene. Two rAAVZ veclors were
produced (AV2/2.1g83-TCFTR and AVZ2/2.1g83-fCFTR-HA,; Figure 3A), and their ability to
genergte CFTR-mediated chionide currents was evaluated in polarized CF HAE. Vector
yields for the two viruses were nearly equivaient (AV2/2 1g83-fCFTR about 5 x 10°
DRP/uL and AV2/2 1g83-FCFTR(HA) about 3 x 10° DRP/uL). Polarized CF HAE were
cuftured at an ALl and infected at the relatively high multiplicity of infection (MO of
about 10° DRP/cell (10" DRP of each rAAVZ vector per insert). Al 10 days following
infection, the level of CFTR expression was determined by measuring short circuit
current (Isc), as described in Zhang et al. (2004) and Fisher et al. (2011). Figure 3B
shows a typical Isc trace following infection of OF HAE with AV2/21g83-TCFTR or
AV2/2 1g83-fCFTR-HA. Amiloride and DIDS were first applied to block non-CFTR
chioride channels and ENaC-mediated sodium currents, and then cAMP agonists {(IBMX
and forskolin} were used {0 induce CFTR activity. The changes in Isc following the
addition of IBMX and forskolin {AlsCivex s Forsk) and the subsequent addition of the CFTR
inhibitor GlyH101 {Alscaws) were used to evaluate the function of CFTR. These resulis
clearly demonstrated that functional complementation of CFTR activity in CF HAE is
greater following infection with AV2/2 1g83-FCFTR than with AVZ2/21g83-fCFTR-HA
(Figure 3B). The mean AlsCisux & Forsk aid AlsCgyr values from these experiments are
summarized in Figure 3C. CFTR-mediated cAMP-inducible CI" currents produced by
AVZ/2 1g83-TCFTR(HA) were only 3.8% those in a non-CF HAE ALl cultures, but still
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above background levels (p<0.01). By contrast, infection with AVZ/21g83fCFTR
produced 10-fold greater cAMP-inducible Cl- currents than AV2/2.1g83-fCFTR{HA) and
achieved about 30% CFTR activily of non-CF HAE ALl cultures. These results
demonstrate that the cutoff for retaining CFTR fundction is very narrow when producing
oversized rAAY genomes, and that vector functionality does not depend oniy on the
efficiency of packaging DRPs. Furthermore, these studies suggest that incorporation of
the 100 nucleotide F5 enhancer into AVZ2/21g83-ICFTR, with a total genome size of
5.04 kb, may have a significant negative impact on function of the genome.

Effective packaqing of a functional ferrel CFTR mini gene into rAAY

Next, the possibility of using a shorened ferret CFTR minigene was explored, to
further reduce the genome size of a rAAV-CFTR vector, and to allow for incorporation of
the F5 enhancer. A human CFTR minigene (CFTRAR) with a 156 bp partial deletion of
the R-domain (encoding amino acids 708-759) has been reported {o retain most of the
chioride~-channel activity of the full-length protein (Osiedgaard ef al., 2002, Ostedgaard
et al,, 2011). A TCFTRAR minigene was creaied by deleting the 159 bp homologous
sequence encoding amino acids 708-760 at the corresponding position of the human
protein, and produced two additional vectors: AV2/2 1g83-TCFTRAR (4.778 kb) and
AV2/2 1083-TCFTRAR{HA) (4.877 kb). This pair of vectors allowed for the examination
not only the function of the TCFTR minigene in CF HAE ALl cultures, but alsg the impact
of the HA-tag insertion in the fICFTR gene. Analysis of AlSCiavx & Forsx aNd AlSCoyH
responsas for these two viruses demonstrated that both AV2/2 1g83-fCFTR and
AVZ/2 1g831CFTR(HA) produced substantial CFTR-mediated Cl currents following
infection of the CF HAE ALl cultures (Figure 3C). However, the HA-tagged form
produced about 20% less CI current than AV2/2.1g83-TCFTRAR. This finding is
consistent with rAAY veciors of 4.88 kb having only about 25% of the functional activity
of vectors 4.68 ki (Dong et al., 1888). Alternatively, the HA-tag may itself influence
CFTR function in the context of the R-domain deletion, although in the context of full-
length CFTR this ECL4 HA-tag has no impact on Cl channel function (Glozman et al.,
2009; Fisher et al., 2011). Despite the larger genome size of AVZ2/21g831CFTR (4.9437
kb), this vector produced about 30% more CFTR-mediated current than its shorter
counterpart AV2/21g83-FCFTRAR (4.778 kbyy (Figure 3C). This reduction in €I channel
activity of fCFTRAR is similar 1o that reporied for hCFTRAR (Ostedgaard et al, 2002).
However, given the potential for reduced functionality of larger vecior genomes, the
impact of the R-domain deletion on the funclion of the ferrel CFTR protein is likely
greater than that for human CFTR.

To establish the impact of genome {ength on packaging of the rAAV vectors
tested, the integrity of the viral genome was examined, using alkaline-denatured
agarose gel electrophoresis followed by Southern blotting (Figure 44}, This analysis
revealed that the smallest vector genome (i.e. that of AV2.1g83-ICFTRAR, 4.778 kb)
could be distinguished from the other three viruses based on its faster migration through
the gel (AV21g83-TCFTRAR is 89 nucleotides shorier than the AV21g83-fCFTRAR{HA)
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vector). However, AV2.1g83-fCFTR{HA) (5.036 kb, AV2.1g83-fCFTR (4.937 kb) and
AVZ 1g83-TCFTRAR(HA) (4.887 kb) could not be distinguished from one anocther on the
basis of this analysis. Given that it should be possibie to visualize differences of both
149 nucleotides (AV2.1g83-FCFTR{HA) vs. AV2.ig83-fCFTRAR(HA)) and 99 nuclectides
(AVZ1g83-fCFTR{HA) vs. AV2 1g83-fCFTRAR(HA), and AVZ2.1g83-TCFTR(HA) vs.
AV21g83-1CFTR), these findings were interpreted as support for the notion that viral
genomes larger than that of AV21g83-fCFTRAR(HA) (4.887 kb) tend 1o incur deletions
that compromise CFTR transgene expression.

The notion that deletion occurs in the context of longer genomes was further
supporied by the hybridization of viral genomes with two sets of plus and minus strand
oligonucleotide probes at the center of CFTR ¢DNA, the ig83 promoter, and synthetic
poly-A sequences (Figure 4B). Resuits from this analysis demonstrated viral DNA from
the largest AVZ2.1g83-fCFTR(HA) vector incurred deletions at both the 5" ends of positive
and minus strand genomes. By contrast, the 3' end of positive and minus strand
AV21g83-ICFTR(HA) genomes remained intact, consistent with packaging of single
stranded AAV genomes from the 3' to &' direction. The fact that the strength of
hybridization at the 1g83 promoter (for positive strand), and the polvA sequence (for
minus strand), was lower than that of hybridization {0 the fCFTR cDNA suggested that
these deletions were not restricled to the ITR region (i.e., that the damage exiended into
the CFTR expression cassetie). Such deletions were not cbserved in the second
longest vecior, AVZ.1g83-fCFTR, therefore, the CFTR expression cassette in this vector
most likely still remains intact, although partial deletions in the ITR region likely occur as
suggested from the viral DNA migration on denatured agarose gel. While deletions in
the ITR regions may not directly influence expression of the CFTR transgene, they may
impact the stability of viral genomes and thus indirectly influence CFTR expression.
These results, together with the functional analysis, led to the conclusion that the
fOFTRAR cDNA without the HA-tag would be best suited for testing the impact of the F5
enhancer on rAAV-mediated CFTR complementation.

The synihetic F51g83 promoter improves rAAV-mediated CFTR compiementation.

Next, the pAV2 F51g83-fCFTRAR proviral plasmid was generated and

ANZ/2 FSIg83-fCFTRAR virus with a genome size of 4.87 kb was produced. The

efficiency of this virus for complementing function of the CFTR channel following

infection of polarized CF HAE was compared to that of the enhancer-less counterpart
vector (AVZ2 1g83-fCFTRAR). Resulis from this analysis demonstrated that incorporgtion
of the F5 enhancer greatly improved the CFTR-mediated CI currents (Figure 8). Attwo
weeks following basolateral infection at an MOI of 8x10* DRP/cell, cAMP-induced
CFTR-mediated CI currents were 3.5-fold greater for AVZ2/2.E5ig83-fCFTRAR than for
ANZ/2 1g83-fCFTRAR, and the former was 88% of those observed in non-CF primary
HAE. A similar improvement in CFTR function (4 .8-fold) was observed with

ANZ/2 FolgB3-fCFTRAR foliowing apical infection, but in this case the efficiency of

transduction was significantly lower, as previously reported for this serotype. At the
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reduced MOI! of 1 x 10* DRP/cell basolateraily, AV2/2 F5tg83-fCFTRAR produced 69%%
of the CFTR current generated by this vecior at a 5-fold higher MO, suggesting that
complementation of CFTK function approached saturation in the latier case. Thus,
when one compares the effectiveness of AV2/2 F5tg83-fCFTRAR (1 x 10* DRP/cell)
and AV2/2 1g83-fCFTRAR (5 x 10* DRP/cell) vectors in the context of optimal infection
{i.e., basolateral) and non-saturating conditions, incorporation of the F5 enhancer
improved the vector efficacy by 13.5-fold. This level of increase in current is consistent
with the increase in expression cbserved with the analogous luciferase expression
vectors (Figure 2D, 18.6-fold).

Given the apparent saturation of CFTR currents at the highest MOI (5 x 10
DRP/cell) following basolateral infection with AVZ2/2. F51g83fCFTRAR, the kinetics of
CFTR expression were evaluated at an intermediate MO (2 x 10* DRP/ceall).
Measuremenis were carried out 3 and 10 days following infection of CF HAE with
AV2/2 FHIgE3-TCFTRAR and AV2/2 1gB3-fCFTRAR. Resulis from this analysis
demonstrated that, in the context of the F5 enhancer, the onset of CFTR-mediated C
currents was more rapid than in its absence (Figure 8A). In fact, CFTR currenis were
maximal by 3 days after infection with AV2/2 F51Q83-TCFTRAR, whereas currenis
increased 3.6-foid between 3 and 10 days after infection with AV2/2.1g83-fCFTRAR. To
more directly compare transcriptional aclivity between these vectors, the ferret CFTR
mRNA was examined by real-time RNA-specific reverse transcriptase PCR (RS-PCR),
a method that prevents amplification of vector-derived DNA products and was
previgusly applied in detecling the CFTR mRNA from rAAV-infected cells and tissues
(Zhang et al., 2004; Gerard et al., 2003). Analyses of the RS-PCR results, after
normalization to ferret GAPDH transcripts, demonstrated 6.4-fold and 17.1-fold higher
levels of fCFTR mRNA following infection with AV2 FSIg83-fCFTRAR vs. AV2/2.1g83-
fOFTRAR, at the 3 and 10 day time points, respectively (Figure 8B). The 10-fold
increase in CFTR mRNA observed between 3 and 10 days after infection confinmns that
CFTR currents were saturated by 3 days post-infection. Thus, at the transcriptional
level, incorporation of the F5 enhancer increased CFTR expression 17.1-fold, closely
mirroring the results observed with luciferase expression vectors Figure 2D, 18.6-fold).
Discussion

FAAY veciors have attracted considerable interest with respect 1o human gene
therapy, but its inherently small genome (4.679 kb) is a significant challenge for the
delivery of large genes such as CFTR. Although several aboratories have atternpied to
rationally design short enhancers and promoters for use in rAAV vectors, this approach
has yet to vield robust expression of CFTR in the airway. In the present study, an
entirely empirical approach was taken by screening synthetic enhancers for their
effectiveness in the delivery of reporter gene expression in step-wise fashion —~in
plasmids, proviral vectors, and viral vectors. While the main goal was o develop rAAV
vectors for delivering CFTR to the airway, a similar approach may prove useful for gene
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therapy efforts tackling the delivery of other large genes {(e.q., Factor Vili and
dystrophin) that necessitate the use of short promoters.

FProduction of an oversized rAAY genome is known 1o lead to random deletions
at the &' end of the encapsidated single stranded genomes (Kapranoy et al., 2012), but
the functional integrity of rAAV vector genomes that approach the accepied maximum
capacity of rAAV (about 5.0 kb) has not been thoroughly investigated. The current study
provides, in the context of CFTR-expressing rAAV vectors, evidence that functionality of
the rAAV genome begins to decline well below this 5.0 kb cut off. Evidence in support
of this includes a reduction in CFTR function for 4.877 kb vs. 4.778 kb genomes (Figure
3C) and the lack of differences in the migration of 4.877-5.036 kb single-stranded
genomes when visualized on alkaline gels (Figure 4A). Additionally, the largest CFTR
vector {(5.038 kb) incurred deletion in about 30% of genomes that extend beyond the &
ITR and into the promoter (in the case of the positive strand) or polyA region (in the
case of the minus strand). This suggesis that damage io the CFTR expression cassetie
may be responsible for the significant impairment of function of CFTR delivered by this
vector. While the oligo probes used only detected deletions in 30% of genomes for this
largest construct, the 80% reduction in CFTR chioride current between 4.937 vs 5.036
kb vectors suggests that a much larger percentage of genomes incur functional
deletions and that iTR deletions may also impair vector performance.

The present findings seem inconsistent with previous observations of an only 4-
fold change in transgene expression between rAAV vectors that are 4.7 kb and 5.2 kb in
size (Wu et al., 2010). However, in this earlier study the stuffer sequence used io
expand the vector was positioned between the expression cassette and the ITR, and
deletions of the siuffer sequence would likely have less of an impact on the
transcriptional activity of the transgene. The current study of the AAV-CFTR vecior
instead employed a short synthetic promoter and poly-A signal, and small deletions
within these short transcriptional regulatory elements would be expected 1o greatly
influence gene expression. Since DNase resistant particle tier is typically used io
confirm effective packaging of rAAY genomes, small 8'-end deletions could have a
significant impact on functionality of oversized rAAV vectors.

The empirical approach that was used to screen synthetic 100 bp enhancers for
the ability to improve rAAY-mediated transgene expression in the airway yielded several
important observations: 1) Enhancer activity differed by cell ines and also the state of
cell differentigtion. 2) Enhancer activity was influenced by the AAV ITRs and might also
be influenced by the sequence of gene of interest {n this study, the 3’ half of the ferret
CFTR cDNA coding region). 3) Enhancer aclivity in the case of rAAV infeclion was
generally simifar to that in the context of proviral vector, though with subtle differences.
4y Infection of human and ferret airways with viral vectors revealed some differences in
enhancer function {(most notably for AVZ/2 Fiig83lug, Figures 2D and 2E). These
results indicate that although transfection with proviral plasmid is suitable for initial

screens of synthetic enhancers, performing such a screen in unpolarized primary airway

[ Q]
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culiures may not produce the same patterns of gene expression observed following
AAV infection of polarized airway cultures,

Through this screen, a 100 bp synthetic enhancer (F5) was identified that
significantly improves the transcriptional activity of an 83 bp synthetic promoter (1g83),
in polarized cultures of both primary human and ferret airway epithelial cells, as well as
in ferret lung and trachea in vivo. The ferret CFTR minigene facking a 53 amino acid
portion of the R domain (fCFTRAR) retained about 70% of wild type fCFTH function,
sirnilar to the 80% function retained by a previously reporied, analogous hCFTRAR
construct (Ostedgaard et al., 2002). Nevertheless, this was greatly compensated by the
increased fransgene expression from AV2.F51g83-fCFTRAR, as the use of the
shortened minigene spares 150 bp space 1o gllow for the incorporation of the F5
enhancer. In the context of a rAAY vector, the F5 enhancer significantly improved 1g83-
driven CFTR mRNA expression (17.1-fold) at 10 days post-infection of CF HAE relative
fo the AVZ/2 1g83-TCFTRAK vector, which lacks this enhancer. This increase in CFTR
MRNA expression from AV2/2 FAtg83-fCFTRAR correlated well with the 19.6-fold
improvement in CFTR-mediated currenis made possible by this vecior, and resulted in
production of about 89% of the cAMP-mediated Cl currents ohserved in non-CF HAE.
Of note, a ceiling on the level of functional correction that can be achieved with respect
o the changes in Isc was found. In the time-course studies, maximal correction of Iscin
CF HAE was achieved by 3 days post-infection, with the about 10 fold increase in CFTR
mRNA by 10 days post-infection yielding no improvement in CI currents (Figure 6},
These findings provide important insight into evaluating the functionality of rAAV-CFTR
vectors: dose responses of the vector are needed for accurate comparison of vector
designs. The ceilling on CFTR currents could reflect self-limiting cell biclogy (e.g.,
control aver the total amount of CFTR on the plasma membrane}, or aberrant trafficking
of CFTR to the basolateral membrane at higher levels of expression (Farmen et al,
2005).

in summary, a rAAV-CFTR vector was generated that provides high-level
expression suitable for use in lung gene therapy studies in the CF ferret model.
Moreover, the present findings suggest that small synthetic enhancers and promoters
may be useful tools for optimizing the design of rAAV vedctors for the delivery of large
fransgenes.

Summary

As discussed herein, small synthetic enhancer/promoter combination, sized
about or less than 200 bp, can be used in rAAV vecior to deliver effective fransgene
expression of a large transgene expression; in this study, the gene is CFTK. As also
discussed herein, empirical approach 1o screen g set of 100-mer synthetic enhancer
elements for their ability o augment reporter expression from a short 83-bp synthetic
promoter ¢g83p) in lung airway tissue. Partial sequence of the gene of interest (in the
study is CFTR) is included to the reporier vector to maximize the effect 1o screen the

best enhancer sequence. The screening was conducted in step-wise fashion —in
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plasmids, proviral vectors, and rAAV vectors, and in different celltissue levels—in
monolayer (non-polarized) cultures of human airway cell lines and primary ferret airway
cell, in polarized cultures of human and ferret airway epithelia at an air-hiquid inferface
{ALD} and ferret airway i vive. The enhancer activity differs by cell lines and state of

5 cell differentiation, as well as is influenced by the AAV {TRs and by the sequence of
gene of interest. Thus, the effects of an enhancer in the context of plasmid transfection
may be different from that in the context of rAAV transduction. The in vivo effects of a
particular enhancer may not be predictable from iis behaviors demonstrated in culiure
cell lines. This, the screening needs o be conducted in different celiftissue levels and in

10 a step-wise fashion — in plasmids, proviral vectors, and rAAY vectors to warrant the

SUCCESS.

Three of synthetic enhancers (F1, F5, and F10) were found significantly
increase the transcription of {g83p for luciferase fransgene in the context of plasmid
fransfection. The F51g83 promoter, the 183 bp combination of F5 enhancer and 1g83p,

15 was the most efficient promoter in human and ferret ALl cultures, leading o 19.6-fold
and 57.5-fold increases reporter expression, respectively, over the enhancer-less
counterpart. The F5ig83 promoter also produced the highest level of fransgene
expression in the ferret airway in vivo. When the F51g83 promuoter was used {o
franscribe the 4.2 kb CFTR minigene (CFTRAR) in a rAAV vector, it yvielded an about

20 17-fold increase in vector derived CFTR mRNA transcription and significantly improved
Cl currents in human CF ALl cultures, compared 1o the vector using tg83p only.

The enhancer/promoter combinations for lung epithelium {(e.g., F5iga3) may not
necessarily be as useful for other organs/ftissue. For example, when AAV vectors
harboring a luciferase reporter gene driven by F5tg83 or F101g83 were used io infect

25 different lissues/organs of the digestive system, F5ig83 demonstrated the strongest
promoter activity in pancreas, galibladder and liver, whereas F10tg82 outperformed
F5ig83 in small intestine {Figures 7A-7B).

Although the studies were focused on identifying strong synthetic
enhancer/promoter sequence using for efficiently expressing CFTH in lung/airway

30 tissue, the screen approach can be used for any desired cell iypes, tissuyes and organs
in vitro and in vivo.

Thus, the use of short enhancer elements (about 100-mer synthetic
oligonucleotide sequences consisting of 10-mer repeats) was found to enhance gene
expression from a minimal promoter in rAAY vedtors. These 100 bp enhancer elements

35 were previously identified for their ability {0 activate transcription directed by the CMV
immediate-early (IE) minimal promoter in cell lines (Schiabach et al., 2010). lt was
hypothesized that enhancers that are most potent in aclivating franscription could be
used to enhance activity of the synthetic 1g83 promoter in airway cells in the context of
rAAY vectors. Eight combinations of the tg83 promoter and 100 bp synthetic enhancers

40 were tested, and one designated as F5 efficiently was found 1o enhance the
transcription from the {g83 promoter in polarized airway cells {in vitro) derived from both
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humans and ferrels, as well as in the ferret airway {(n vivo). Using the F5ig83 promoter
and the ferret CFTR minigene of partial deletion at R domain fCFTRAR), a rAAY vector
(AV2/2 Fo1g83-fCFTRAR) was found and its ability 1o correct CFTR-mediated CI
transport in CF ALl culiures tesied.

Example 2

AV F5Tg83-hCFTRAR was tested for hCFTR expression in the newborn and
mature ferret airway. An endpoint of these analyses was the ratio of transgene-derived
human CFTR (hCFTR) to that of endogenous ferret CFTR (fCFTR} mRNA. in 3 day old
newborn ferrets Figure 9), AV.F5Tg83-CFTRAR led to 240% greater expression of
human CFTR compared with endogenous (ferret) CFTR following gene delivery to the
fung.

Given that the phenotype of ferret altway epithelia and the secretions in the
airway change as the lungs mature, it was evaluated whether AV F5Tg83-CFTRAR
transduces the mature ferret airway and the promoter remains active. To this end, the
ability of AV.F5TgR3-CFTRAR to transduce the lung of 1 month old ferrets was
evaluated. In 1 month old mature ferreils (Figure 10), AV.F5Tg83-CFTRAR led to 200%
greater expression of human CFTR compared with endogenous (ferret) CFTR following
gene delivery 1o the lung. Furthermore, the ratio of human to ferrel CFTR was
approximately one in the nasal passage. These findings from newborn and mature
ferrets suggest that the F5Tg83 promoter robustly expresses the CFTR transgene in the

ung in vivo.
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refation to cerfain preferred embodiments thereof, and many detaiis have been set forih
for purpases of llustration, it will be apparent to those skilled in the art that the invention
is susceptible 1o additional embodiments and that certain of the details herein may be

varied considerably without departing from the basic principles of the invention.
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WHAT IS CLAIMED I8:
1. An isolated recombinant parvovirus vector comprising a synthetic enhancer

10

15

30

40

comprising plurality of enhancer sequences operably linked to a promoter.

2. The recombinant parvovirus vector of claim 1, wherein each of the plurality of
enhancer sequences has the same sequence.

3. The recombinant parvovirus vector of claim 1, wherein at least two of the

plurality of enhancer sequences have g different sequence.

4, The recombinant parvovirus vector of any one of claims 1 10 3, wherein the
plurality of enhancer sequences has 2 up to 20, 2 upto 15 or 2 up o 10, of the

enhancer sequences in tandem.

5, The recombinant parvovirus vector of any one of claims 1 to 4, wherein at least

one of the enhancer sequences has no more than 15 bases.

8. The recombinant parvovirus vector of any one of claims 1 {0 &, wherein the
plurality of enhancer sequences has one or more P53 binding sites, one or more NRF-1
binding sites or one or more CRER binding sites, or a combination thereof,

7. The recombinant parvovirus vector of claim 1, wherein the synthetic enhancer
comprises F1, F5 or F10.

8. The recombinant parvovirus vector of claim 1, wherein the synthetic enhancer
has at least one enhancer sequence with at least 80% nucleotide sequence identity {o
F1, F5or Fig.

8. The recombinant parvovirus vector of claim 1, wherein the synthetic enhancer
has at least one enhancer sequence with at least 90% nucleotide sequence identity {o
F1, F5orFig.

10, The recombinant parvovirus vector of claim 1, wherein the synthetic enhancer
has at least one enhancer sequence with at least 85% nucleotide sequence identity io
F1, F5 or F10.

11. The recombinant parvovirus vector of any one of claims 1 10 10, wherein the

plurality of enhancers is up to about 120 nucleotides in length.
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12. The recombinant parvovirus vector of any one of claims 1 to 10, wherein the

plurality of enhancers is up to about 150 nucleotides in length.

13. The recombinant parvovirus vector of any one of claims 1 to 10, wherein the

plurality of enhancers is up to about 100 nucleotides in length.

14, The recombinant parvovirus vector of any one of claims 1 10 13, wherein the

promoter is a synthetic promoter.

15. The recombinant parvovirus vector of claim 14, wherein the promoter is 1g83.

16. The recombinant parvovirus vector of any one of claims 1 to 13, wherein the

promoter is a heterologous promoter.

17. The recombinant parvovirus vector of any one of claims 1 to 16 which is a

bocavirus or an adeng-associated virus vecior.

18. The recombinant parvovirus vector of any one of claims 1 to 17, wherein the

promoter is operably linked to an open reading frame.

19. The recombinant parvovirus vector of claim 18, wherein the open reading frame

encodes a prophylactic or therapeutic gene product.

20. The recombinant parvovirus vector of any one of claims 1 {0 18, wherein the
combination of the plurality of enhancer sequences and the promoter is no more than

200 nuclectides in length.

21, The recombinant parvovirus vector of any one of claims 1 1o 18, wherein the
combination of the plurality of enhancer sequences and the promoter is no more than

180 nucleotides in length.

22, The recombinant parvovirus vector of any one of claims 1 1o 18, wherein the
combination of the plurality of enhancer sequences and the promoter is no more than

250 nucleotides in length.

23. The recombinant parvovirus vector of any one of claims 1 {o 22 wherein the
synthetic enhancer and promoter have af least 80%, 85%, 90%, 95%, 98% 99% or

more nucleic acid sequence identity to one of SEQ 1D Nos.24-30.

24, A method to express a transgene in a cell, comprising: introducing a
composition comprising a recombinant parvovirus vector comprising a synthetic
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enhancer comprising a plurality of enhancer sequences operably linked {o a promoter
operably linked to a transgene t0 a eukaryolic cell 50 as to express the transgene in the

cell.

25. A method to express a transgene in 8 mammal, comprising introducing to a
mammal a composition comprising a recombinant parvovirus vector comprising a
synthetic enhancer comprising a plurality of enhancer sequences operably linked to a
promoter operably linked 0 g transgene 50 as 10 express the transgene in celis of the

mammail.

26. The method of claim 24 or 25, wherein the expression of the transgene is
enhanced by at least 2-, 5-, 10-, or 15-fold or more relative 1o a corresponding
parvovirus vector that lacks the synthetic enhancer,

27. The method of any one of claims 24 to 26 wherein the plurality of enhancer
sequences has two or more P53 binding siles, two or more NRF-1 binding sites, ortwo

or more CREB binding sites.

28. The method of any one of claims 25 to 27 wherein the composition is injected.

29. The method of any one of claims 25 to 27 wherein the composition is

intranasally administered.

30. The method of any one of claims 24 to 28, wherein each of the plurality of

enhancer sequences has the same sequence.

31. The method of any one of claims 24 1o 30, wherein at least two of the plurality of
enhancer sequences have a different sequence.

32. The method of any one of claims 24 to 31, wherein the plurality of enhancer
sequences has 2 upto 20, 2 up to 15 or 2 up 1o 10, of the enhancer sequences in

tandem.

33. The method of any one of claims 24 to 32, wherein at least one of the enhancer

sequences has no more than 15 bases.

34, The method of any one of claims 24 to 33, wherein the synthetic enhancer

comprises F1, F5 or F10.

PCT/US2017/021124
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35, The method of any one of claims 24 1o 33, wherein the synthetic enhancer has
at least one enhance sequence with at leasi 80%, at least 90% nucleotide sequence
identity to F1, F5 or F10, or at least 85% nucleotide sequence identity to F1, F5 or F10.

38, The method of any one of claims 24 to 35, wherein the plurality of enhancers is

up to about 100, up to about 120 or up to about 150 nuclestides in length.

37. The method of any one of claims 24 {0 38, wherein the promoter is a synthetic
promoier.

38, The method of claim 37, wherein the promoter is 1g83.

39. The method of any one of claims 24 1o 36, wherein the promoteris a

heterologous promoter.

43, The method of any one of claims 24 1o 39, wherein the vedtor is a bocavirus or

an adeno-associated virus vecior.

41, The method of any one of claims 24 10 40, wherein the transgene encodes a

prophylactic or therapeutic gene product,

42. The method of any one of claims 24 to 41, wherein the combination of the
plurality of enhancer sequences and the promoter is no more than 150, no more than
200 or no more than 250 nuclectides in length.

43, The method of any one of claims 24 to 42 wherein the synthetic enhancer and
promoter have at least 80%, 85%, 80%, 95%, 98% 28% or more nucleic acid sequence
identity to one of SEQ D Nos.24-30.

44, An isolated vector comprising a synthetic enhancer comprising plurality of

enhancer sequences operably linked to a promoter.

45, The vecior of claim 44, wherein each of the plurality of enhancer sequences has

the same sequence.

48, The vector of claim 44, wherein at least two of the plurality of enhancer

sequences have a different sequence,

47. The vector of any one of claims 44 {0 46, wherein the plurality of enhancer
sequences has 2 up to 20, 2 upto 15 or 2 up 10 10, of the enhancer sequences in

tandem.



WO 2017/155973

10

15

30

48, The vector of any one of claims 44 {0 47, wherein at least one of the enhancer

sequences has no more than 15 hases.

49, The vector of any one of claims 44 io 48, wherein the plurality of enhancer
sequences has one or more P53 binding sites, one or more NRF-1 binding sites or ong
or more CREB binding sltes, or a combination thereof,

50. The vector of claim 44, wherein the synthetic enhancer has at least one
enhancer seqguence with at least 80%, 80% or 85% nuclectide sequence identity to F1,
F5 or F10.

51. The vector of any one of claims 44 1o 50, wherein the plurality of enhancers is

up to about 100, 120 or 150 nucleotides in length.

52. The vector of any one of claims 44 1o 51, wherein the promoter is a synthetic

promaoter.

53. The vector of claim 52, wherein the promoter is 1g83.
54, The vector of any one of claims 44 to 53, wherein the promoter is operably
linked to an open reading frame.

55. The vecior of claim 54, wherein the open reading frame encodes a prophylactic
or therapeutic gene product.

£8. The vecior of any one of claims 44 to 55, wherein the combination of the
plurality of enhancer sequences and the promaoter is no more than 150, 200
or 250 nuclectides in length.

57. The vecior of any one of claims 44 1o 56 wherein the synthelic enhancer and
promoter have at least 80%, 85%, 90%, 85%, 98% 88% or move nucleic acid

sequence identity 1o one of SEQ 1D Nos.24-30.

58. The vecior of any one of claims 44 o 57 which is a plasmid.

o2
3

PCT/US2017/021124



PCT/US2017/021124

WO 2017/155973

1/35

A

pGL3-1g83

ATF-1
JCREB 8Pt TATA imnr

®

Relative Luciferase Activity

pGL3-xx1g83

Enhancer (100 mer}

1)

(pGL3-g83

+1

1983 pro (83 mer}

ATE-1
ICREB SF1 TATA inr

o~

=-—1 | uciferase

o’

Luciferaser

1983 pro {83 mer)

A

- B3
150
140
50
0 Lo B . | |
< 0@%@@( @@5@@@‘@@\ 0@M(GWMW h%r @MWM : m\ﬁw@
TR

Relative Luciferase Acﬁviiy

o

Relative Luciferase Activity

D

Figure 1

0
=
o
3
O
=
D B o™ o gh @D D o gD o PP
ST s
O oy B oK Y oy SV Wiy
T T v v T s
FEEFPTEEAL FFE
@@ 0@
80 . , :
Ferrat Primary Airway Cells
. 80
W
%
S 40
e
20
=
™ e O
dwrﬂwv i&wv Vﬁ% au&mw Qfmmv @f%v @zomu <& &xmwv @%,%w,,(
0 0 T a7 N, T 07 U 500
@@ NI SN P P i e RS
@@ O L 7 O LSO
TR g U9 @/\.d @/\w T

U0

SUBSTITUTE SHEET (RULE 26)



WO 2017/155973 PCT/US2017/021124

ZAN]
Relative Luciferase Activity Relative Luciferase Activity
3
% (10% RLUAwel}) - (30 %LU/vieEEEM ) o
?a, o 3 & W0 5 o & 43? Q o 2 ;O
V. o, . , ;
2 5 5
R/ g
é‘:?’% di% 3 © -
"‘3;{\' "&' Y')i
S =
Y, G N8
R 23 33
<, 25 5
o) O B oS
7 < AN
‘QQ? 0“2 “1 {ﬁg@ [ra)
K2 g I * @ &
& 3 5‘ %
0]
Relative Luciferase Activity Relative Luciferase Activity
5. (104 RLUAwell) m <, (pAV2-tg83=1) m
. - . 4‘5 - e NN W
w?(, ] 0 o © ¥} 2 7 Y = R = T
% & : : : , 4 NER—
% %) . i
S 2 T
7. & 8 3 A
% Y : §°
P e 2
o
g
2
<
2
P
o
&
Relative Luciferase Activity Relative Luciferase Activity
(10° RLU/ug protein)  "T1 5, (AV2/2.1983luc=1) (Y
?9/ oty v
« " N v " - ‘::;r e o o )] i\c'i? g g
Lo, G 4 ! 2 :
- N
Ot
& 2 e tn
g ©
s
) H
"ﬁ g o Tl
P g g %
2> =
[} (ZLD" £ {D
o3
A

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/021124

WO 2017/155973

Z Se . 8=
s} -S4y 9 3=
7 45 85 I8 &5
3 mv,m . B TS . WS
¥ 25 25 3§ =9
& mwvm\ AT R 7 T &
m FIv 14nD e T
k3
s - _..l. N
LOLHAID — ]
HSI04 ¥ XWE! = :
@
A {npos) swiy
00¥L 00ZL 0OCE 008 009 00F 00Z
L
% 4
PITITES [ S
LOLHAID T oy &
%8104 %% XWE Voo
gl =
Eelle 6L &
apLojuy 0z 3,
. £z
(VR ADIERBN ZIZAY o -
iillp_
HLADERBrZZAY e 57
s

¢ a.nbig

o
AWonyT) 081y

(

§ - — )

IN 226F OvHIMVHLADeebrAY

{dgasi-I uv .
T %v
IN 8247 HVELADFERBYAY

{daag+) Bey vrxe
N 9E06 {WHIMLADE8BIAY
> wil

.

{daze) 4& {dogpy cghy
N 286¥ HI4ADFE8BTAY
v

4

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/021124

WO 2017/155973

Figure 4

(VHIHVHLADS
~egBr Ay

 HVHLADE
-cabyr AY

4/35

(YHIMLIADS
-caByAY

HidDd
-caBTAY

o |
A2 L2 £2
o o 4
Lo =¥ ™

{(YHIHVH1IAD)
-cabrAY

HMYH1LADE
-CabrAY

(WH)E1408
-cgBUAY

w1404
-8B AY

Y ¥ ¥

<¥ &3 bt R o= s N - a

(;01X) saidon swouss) pajosie(

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/021124

WO 2017/155973

535

G ainbiy

Y Y N0
S3-UON
) 8 b 14 Ll 4 LE 5 N
oL 0l 0G 0s 05 06 (180/duWd 01)
jeseg  jeoidy  jeseg  jeody  jeseg  eoidy 1OW
popsul paoaul NVHLADFEEBIGS TIZAY WMVHIADRESBIEZAY  shaiA
~LION ~LION
- Cb
. @s
X 3 @a
- M{
i 5 3 g! mm

a8
(2U0/ Y1) 0S|V

SUBSTITUTE SHEET (RULE 26)



PCT/US2017/021124

WO 2017/155973

6/35

UVULAOS
£0B1 Z/ZAY

Aepg

Aepgl

HYHLAD
eoBIG A EEAY

Azpol

Aepg

g sinbi4

STUIA

UONDBIUIMSOE

+ 0

=]
&

. 081
" 018

- 006

- (066

- 0BOL

(581000 YNYW HOdVYD 01 1d)
$8I000 WNMW ¥ L4048

x

POI0OOUL HYHLA0 HVH L4044

S
-~UON by ZiZAY £8biG4 22Ny A
Aepot Aepg Aepol Aepg UOROBLUFISOd
oo mws
2>
3
misiminmn L]
2
2
3
2
LOLHAID
ASIOL4 R KNG B L g

SUBSTITUTE SHEET (RULE 26)



WO 2017/155973 PCT/US2017/021124

735

galibladder

U
=
]
(G}
[
At
=
T
m &
o
ot
&
v
Ldee
EI.I g
2
el
o
o0
ol
e
v
- %
B v
[ 8]
o
[
<%
=] [ jun} =} ) o o
& res & s & bret
o3 ™~ ™~ e o
ANAIDY 3524241007 9AlLE|DY

Figure 7A

SUBSTITUTE SHEET (RULE 26)



WO 2017/155973 PCT/US2017/021124

/35

xa
U
g
o
=
£
m w
]
"o =y
&
Q
o
p (]
o £
'ﬁ W
o
R
£
o T
&
g i
[Tl
¥
B
B
©
2
o
1%
1]
©
Bn
(&)
o
{7
(>
o S Q =
o] o] o o
s S .
= (utsyoud S/t

ANAILDY 8SBIBHONT BAIETSY

Figure 7B

SUBSTITUTE SHEET (RULE 26)



WO 2017/155973

ZAN]

ldentifier Binding | Sequence (Search

Factor | Pattern)
HS$ALICOL 02 GTGGTTAGC
MOUSESIAP 01 GTGGT
MOURSESIAR 03 EBP-30 | GTGGT
EBVSIR4 04 R CACCAC
EBVSIR4 05 R CACCAC
HSSPR264 01 c-Myb | GGTGAG
HSSAPOAZ 06 TCACC
TDNASNOS 01 ASF-1, | TGAGC

OBF3.1,

TGAL a4,

TGAlD
DROMESUBX 08 | Zeste TGAGCG
DROMESET4 07 | Zesie | TGAGCG
DROMESE74 038 Zeste TGAGCG
DROMESWHLO ¢ | Zeste TQAGCG
4
DROMESZESTE ¢ | Zeste TGAGCG
o]
DROMESUBY 06 | Zeste | CGCTCA
DROMESEVE 04 | GAGA | CGCTC

factor
DROMESEVE 08 GAGA | CGCTC

factor
DROMESEVE 10 | GAGA | CGCIC

factor
ASSPAX4 29 Pax-da | CATTCCCAGACG
CHICKS$BAG 04 TCTGGGCA
CHICKSBAG 09 CTF TCTGGGCA
SVESV40 37 CTGGG
RATSTAT 06 MEF-1 CATGCGCAG
SVESVAD 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RAT$NF1 01 LE-Al | GGGCA
HS$CATHD 01 ER- GGGCA

alpha,

Spl
RATSVEGF 01 ER- GGGCA

alpha,

ER-beta
MOUSESPIDD 81 | p33 GGACATGICT

CHICK3BAG 03

TGCCC

RATSVEGF (2 ER- TGCCC
alpha,
ER-bela

RATHSPIZ3 02 C/EBPal | CCCAGAAAT
pha

SUBSTITUTE SHEET (RULE 26)

Figore SA

PCT/US2017/021124



WO 2017/155973

/35

Hemtifier Binding | Sequence (Search
Factor | Pattern)
ASSTGIF 09 TGIF TGTCT
CHICKSBAG 04 TCTGGGCA
CHICKSBAG 09 CIF TCTGGGCA
SVESV4H 37 CTGGG
RATETAT 06 NRF-1 | CATGCGCAG
SVESVAG 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATENFI 01 LF-A1 | GGGCA
HS$CATHD 01 ER- GGGCA
aipha,
spl
RATSVEGF_01 ER- GGGCA
alpha,
ER-bela
MOUSESPIDD 01 | 53 GGACATGTCT
CHICKSBAG 03 TGCCC
RATSVEGF 02 ER-~ TGCCC
aipha,
ER-beta
RATSSPIZS 62 CEBPal | CCCAGAAAT
pha
ASETGIF 09 TGIF TGICT
CHICKSBAG 04 TCIGGGCA
CHICKSBAG 09 CTF TCTGGGCA
SV8SV40 37 CTGGG
RATSTAT 06 NRE-1 | CATGCGCAG
SVESVAD 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATSNF1I 01 LF-A1 | GGGCA
HS$CATHD 01 ER- GGGCA
alpha,
spl
RATSVEGE 01 ER- GGGCA
alpha,
ER-beta
MOUSERPIDD 01 | p53 GGACATQTCT
CHICKSBAG 03 TGCCC
RATEVEGE 02 ER- TQCCC
alpha,
ER-beta
RATSSPI23 02 C/EBPal | CCCAGAAAT
pha
ASSTGIF 09 TGIF TGTCT
CHICKSBAG 04 TCTGGGCA
CHICKSBAG 09 CTF TCTGGGCA
SVESVA0 37 CTGGG
RATSTAT 86 NRF-1 | CATGCQCAG
SVESV40 63 T-Ag TGGGC

SUBSTITUTE SHEET (RULE 26)
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11/35
Hemtifier Binding | Sequence (Search
Factor | Pattern)
CHICKSBAG 03 GGGCA
RATSNFT 01 LF-Al GGGCA
HSSCATHD 01 ER- GGGCA
alpha,
Spl
RATSVEGF 01 ER- GGGCA
alpha,
ER-beta
CHICKSBAG 03 TGCCC
RATSVEGF 2 ER- TGCCC
alpha,
ER-beta
HSSAPAF1 01 p33 CGACAAGCCC
ASSHOXAZ 13 HOXA3 | CATGTTGGG
ASSFTZ 56 Ftz CCGACA
HSVIEGED 01 1CP4 CCGAC
AT$CORISA 01 ANT, CCGAC
CEF1.
CBF2,
CBF3
AT$RD298 01 CBF1 | CCGAC
ATIRD29A 01 CBFi, | CCGAC
?REB} Figure 8C
DREB2
A
AT$CORTR 01 ANT, CCGAC
CBF1,
CBF2,
CBF3
AT$COR1SE 01 CRBFI, CCGAC
CBE2,
CBF3
HS$CGB 03 CGGGCATCCTG
HS$CETE 02 EXR- CGGGECA
alpha,
EXR-
beta,
RXR-
alpha,
HSBCYCDY 15 Spl, GCCCG
sp2,
Sp3.
Spd
CHICKSBAG 03 GGGCA
RATSNFI 01 EF-Al GGGCA
HSSCATHD 01 ER- GGGCA
alpha,

SUBSTITUTE SHEET (RULE 26)



WO 2017/155973

12/35

Hemtifier Binding | Sequence (Search

Factor | Pattern)

Spl
RATSVEGF G ER- GGGCA

alpha,

ER-bela
CHICKSBAG 03 TGCCC
RAT$VEGE (2 ER- TGCCC

alpha,

ER-beta
ASPNSABAA 03 abaA CATICT
ASPNSABAA 04 abaA CATTCT
ASPNSABAA 05 abaA CATTCT
ASPNEBRLA 03 abaA CATTCT
ASPNSRODA 03 abaA CATTCT
ABAASCONS 01 abaA CATTCY
ASPNSBRLA 03 abaA CATTCT
ASPNEYA 02 abaA AGAATG
ISHSF 01 HSF AGAAN
FEHSF 01 HSF AGAAN
SVESV4D 37 CTGGG
RATS$IGFBP? 03 spl TQGGCETEIG
SVESVAG 63 T-Ag TGGGEE
YSHOPL 81 TGGEGCGGLT
RATEBMHC 04 NFe TGACGCCCA
MOUSESGLUT4 0 | Spl GGGCGT
3
HS$U25N 04 Spl ACGCCC
HS$CD1IB 01 Spl CGCCC
ASSPAXA 29 Pax-4a | CATTCCCAGACG
CHICKSBAG 04 TCIGGGCA
CHICKSBAG 09 CTE TCTGGGCA
SVESV40 37 CTGGG
RATSTAT 06 NRF-1 | CATGCGCAG
SVESVAD 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATSNFI 01 LF-Al | GGGCA
HERCATHD 01 ER- GGGCA

alpha,

spl
RATSVEGE 01 ER- GGGCA

alpha,

ER-beta
MOUSESPIDD 01 | p33 GGACATQTCT
CHICKSBAG 03 TGCCC
RATEVEGKE 02 FR- TGCCC

alpha,

ER-beta
RAT$SPIZ3 02 C/EBPal | CCCAGAAAT

pha
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Hemtifier Binding | Sequence (Search
Factor | Pattern)
ASSTGIF 09 TGIF TGTCT
CHICKSBAG 04 TCTGGGCA
CHICKSBAG 09 CIF TCTGGGCA
SVESV4H 37 CTGGG
RATETAT 06 NRF-1 | CATGCGCAG
SVESV40 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATENFI 01 LF-A1 | GGGCA
HS$CATHD 01 ER- GGGCA
aipha,
spl
RATSVEGF_01 ER- GGGCA
alpha,
ER-bela
MOUSESPIDD 01 | 53 GGACATGTCT
CHICKSBAG 03 TGCCC
RATSVEGF 02 ER-~ TGCCC
aipha,
ER-beta
RATSSPIZS 62 CEBPal | CCCAGAAAT
pha
ASETGIF 09 TGIF TGICT
CHICKSBAG 04 TCIGGGCA
CHICKSBAG 09 CTE TCTGGGCA
SV8SV40 37 CTGGG
SVESVAD 63 T-Ag TQGGC
CHICKSBAG 03 GGGCA
RATENFT 01 LF-A1 | GGGCA
HS$CATHD 01 ER- GGGCA
alpha,
Spl
RATEVEGE 01 ER- GGGCA
alpha,
ER-beta
CHICKSBAG 03 TGCCC
RATSVEGF_02 ER- TEOCC
alpha,
ER-beta
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YEMALSE 04 MIGH AATTG
RATHTH 03 ARTX AATTGA
PSAMSUTSN 04 ATTGA
HSSEGFR_15 TCAAT
ASETWRKY 01 WRKY3, TTGAC
WRKY4
ASSWREY 01 WRKY1, TTGAC
WRKY2
ASSWRKY 62 WRKY1, TTGAC
WRKY?2
ASSWRKY 63 WRKY1, TTGAC
WRKY2
ASSWRKY 04 WRKY1, TTGAC
WRKY?2
ATSRLK4 01 WREYIS8 TTGAC
ATSRLE4 ¢2 WRKY18 TTGAC
CAMVSE3S5R 01 ASF-1, OBF4, | TGACG
ORFS, SARP,
TGAL
TGAL a,
TGAlD, Figure 8F
TGAZ,
TGAZ 1,
TGA2 2,
TGAS, TGAG,
ZAPI
PIGSUPA 02 CRER TGACG
FIGSUPA_03 CREB, TGACG
CREBbeta
HSSINS 04 CREB TGACG
HS%PL 12 TGACG
HE$CFOS i1 AP-1, ATF TGCGTCA
HSS$PK (2 TGCGTCA
HSHPK_03 AP-1, ATF3, | TGCGTCA
c-Fos, ¢-Jun,
CRE-BPI,
CREB,
CREBbeta
HS$VIP 01 c-Fos, c<Jun, | CGTCA
CRE-BPI,
CRER
BOVINSPPTA 61 C/EBPdelta, TGCGTCA
CRE-BP2
RATSPDYN 01 CREB TGCGICA
ASSPAX2 67 Pax-2.1, Pax- | AATAAATG
2.2 C
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RAT$GLU 04 TATAT
HE$HHS 08 HiNF-D, TATAT
HiNF-M,
HiNF-P,
TFIID, TMF
MOUSESSRF 03 | SRF (504 AA) | TATAT
RATSGLY 04 TATAT
HE$HH4 08 HiNF-D, TATAT
HiNF-M,
HiNF-P,
TFIID, TMF
MOUSESSRE 03 SRF (504 AA) | TATAT
RAT$DBH 01 ARIX, c-Fos, | TGCGTCAT
c-Jun, CREB, | TA
CREMtau
PSAMSU7SN 04 ATTGA
HSSEGFR 15 TCAAT
ASSTWREY 51 WREY3, TTGAC
WRKY4
ASSWRKY 01 WRKYT, TTGAC
WRKY2
ASSWRKY 02 WRKY1, TTGAC
WRKY?2
ASSWRKY 63 WREY, TTGAC
WRKY2
AS$WRKY 04 WRKY1, TTGAC
WRKY2
ATSRLK4 01 WRKY18 TTGAC
ATSRLK4 02 WREKY18 TTGAC
CAMVSE35SR 01 ASF-1, OBF4, | TGACG
OBF5, SARP,
TGAL,
TGAla,
TGALD,
TGA2,
TGA2 1,
TGA22,
TGA3,
TGA6,ZAP1
PIGEUPA 02 CREB TGACG
PIGSUPA 03 CRER, TGACG
CREBbeta
HS$INS 04 CRER TGACG
HSSPL 12 TGACG
HSSCFQOS 11 AP-1, ATF TGCGTCA
HS$PK 02 TGUGTCA
HS$PE 03 AP-1, ATF3, | TGCGTCA
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c-Fos, ¢c-Jun,
CRE-BP1,
CRER,
CREBbeta
HE§VIP 01 ¢-Fos, ¢c-Jun, | CGTCA
CRE-BFI,
CREB
BOVINSPPTA 01 C/EBPdelta, TGCGTCA
CRE-BP2
RATEPDYN 61 CREB TGCGTCA
RAT$DBH_01 ARIX, c-Fos. | TGCGTCAT
c-Jun, CREB, | TA
CREMtau
PSAMSUTSN 04 ATTGA
HSSEGFR 15 TCAAT
ASFTWRKY 61 WRKY3, TTGAC
WERKY4
ASSWRKY 01 WREY], TTGAC
WREY?2
ASSWRKY 02 WRKY1, TTGAC
WRKY2
ASFWREKY 03 WRKYT, TTGAC X
- WRKY2 Figure 8H
ASSWRIY 04 WRKYT, TTGAC
WRKY2
ATSRLKS G} WREY18 TTGAC
AT$RILK4 62 WRKYI1S TTGAC

CAMVS353R_01 | ASF-1, OEF4, | TGACG
OBFS, SARP,

TGAL,

TGAla,

TGAlD,

TGAZ,

TGA2 1,

TGA2.2,

TGA3, TGAS,

ZAPL
PIGSUPA 02 CREB TGACG
PIGSUPA_03 CRER, TGACG

CREBbeta
HSSINS 04 CREB TGACG
H8$PL 12 TGACG
HBVSHBVE 27 CRE-BPL, TGACGCAA

CREB, pX
HSSCFOS 11 AP-1, ATR TGCGICA
HSHPK 02 TGCGTCA
HS$PK 03 AP-1, ATF3. | TGCGICA
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c-Fos, ¢c-Jun,
CRE-BP1,
CRER,
CREBbeta
HS$VIP 01 ¢-Fos, ¢c-Tun CGTCA
CRE-BPL,
BOVINSPPTA 01 C/EBPdelta, TGCGTCA
CRE-BP2
RATEPDYN 61 CRER TGCGTCA
ASSNCX 33 Nex ACGTAAAT
TG
HS$EGER 14 CAAAT
MAIZESPMST 01 CAAAT
HSS$IGH 04 ATTTG
YSMALGL 04 MIGH AATTG
RATS$TH 03 ARIX AATTGA
PSAMSUTEN 04 ATTGA
HESEGER 13 TCAAT
ASSTWREY 51 WREY3, TTGAC
WREKY4
ASSWRKY 61 WRKY1, TTGAC
WRKY?2
ASEWREY (2 WRKYT, TTGAC
WRKY2
ASSWREY 03 WRKYT, TTGAC
WRKY?Z
ASSWRKY 64 WRKYH, TTGAC
WREY?2
AT$RLK4 01 WRKY1E TTGAC
ATSRLEKA 02 WRKY18 TTGAC
CAMVE35SR 01 ASF-1, OBF4, | TGACG
OBFS, SARP,
TGAI,
TGAl,,
TGATl,
TGAZ,
TGA21,
TGA2.2,
TGA3, TGAG,
ZAP1
PIGSUPA 02 CREB TGACG
PIGEUPA 03 CREB, TGACG
CREBbeta
HSS$INS 04 CRER TGACG
HS$PL 12 TGACG
HBV$HBVE 27 CRE-BPL, TGACGCAA
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CREB, pX
HS$CFOS i1 AP-1, ATF TGCGTICA
HSS$PK 02 TGCGICA
HS$PK 03 AP-1, ATF3, | TGCQTCA
g-Fos, e-Jun,
CRE-BPI,
CREB,
CREBbeta
HS$VIP 01 c-Fos, c~lun, | CGTCA
CRE-BP1,
CRER
BOVINSPPTA 01 | C/EBPdeha, TGCGTCA
CRE-BP2
RAT$PDYN 01 CREB TGCGTCA
HS$EGFR 14 CAAAT
MAIZESPMS1 01 CAAAT
DROMESSNA 12§ Twi CAAATG
HSSIGH 04 ATTTG

XENLASAC 05 EMFEL MyoD | CATTTG
MOUSESACRG 01 | MyvoD CATTTG
HS$IRFT 02 IPCS-BF AAATGALC
GGC
HISGMCSF (3 YY1 CATTT
MOUSESIL4 01 NF-CLEOa, TCATTT
NF-CLECb
HE$SUPA 03 UEF-1 CATGACAG
C
HSS$EN 05 PEBP2 ATGACCGC
AA
HSRUPA 06 Pbx-1a, Pbx- TGACAG
ib, Pbx-2,
PKNOXI,
PENOX2.
UEF-3
ASSMEIS] o1 Meis-1a, TGACAG
Meis-1b
ASSMEIST 03 Meis-1a, TGACAG
Meis-1b
ASSMEIST 04 Meis-1a, TGACAG
Meis-1b
ASEMEIST 05 Meis-1g, TGACAG
Meis-1b
ASSMEISL 06 Meis-1a. TGACAG
Meis-1b
ASSMEIST §7 Meis-1a, TGACAG
Meis~ib
ASSMEIS] 08 Meis-1a, TGACAG
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Meis-1b
ASSMEIST 14 Meis-1a, TGACAG
Meis-1b
ASSMETIS] 19 Meis-1a, TGACAG
Meis-1b
ASSMEISIAHOXA | HOXAY, TGACAG
9 01 Meis-1a
ASSMEISIABOYA | HOXAS, TGACAG
G 02 Meis-1a
ASSMEISIAHOXA | HOXAY, TGACAG
9 03 Meis-1a
ASSMEISIAHOXA | HOXA9, TGACAG
9 04 Meis-1a
ASSMEISIAHOXA | HOXAY, TGACAG
A Meis-1a
ASSMEISIAHOXA | HOXAS, TGACAG
9 06 Meis-1a
ASSMEISIAHOXA | HOXAS, TGACAG
9 09 Meig~1a
ASSMEISIAHOXA | HOXA9, TGACAG
9 10 Meis-1a
ASSMEISIAHOXA | HOXAY, TGACAG
9 13 Meis-1a
ASSMEISIBHOXA | HOXAY, TGACAG
9 01 Meis-1b
ASSMEISIBHOXA | HOXA9, TGACAG
9 02 Meis-1b
ASSMEISIBHOXA | HOXAD9, TGACAG
9 03 Meis-1b
ASSMEISIBHOXA | HOXAS, TGACAG
9 04 Meis-1b
ASSMEISIBHOXA | HOXAY, TGACAG
9 05 Meis-1h
ASSMEISIBHOXA | HOXA9, TGACAG
9 06 Meis-1b
ASSMEISIBHOXA | HOXASY, TGACAG
9 07 Meis-1b
POT$PRI02 01 PBF-1, PBF-2 | TGACA
(p24)
ASSTGIF 01 TGIF TGTCA
ASSTGIF 02 TGIF TGICA
ASSTGIF 03 TGIF TGTCA
ASSTGIF 04 TGIF TGTCA
ASSTGIF 05 TGIF TGICA
ASSTGIF 06 TGIF TGTCA
ASSTGIF o7 TGIF TGTCA
ASSTGIF 08 TGIF TGTCA
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ASYTGIF 10 TGIF TGTCA
ASSTGIF 11 TGIF TGTCA
ASSTGIF 12 TGIF TGTCA
ASSTGIF 13 TGIF TGTICA
ASSTGIF 14 TGIF TGTCA
ASSTGIF 15 TGIF TGTCA
HS$D1IA 0% Meis-2a, CTGTCA
Meis-2b,
Meis-2c,
Meis-2d,
TGIF
ASSMEIST 11 Meis-ia, CTGTCA
Meis-ib
ASSMEIST 12 Meis-13, CTGTCA
Meis-1b
POT$PR1IGa 01 PBF-1, PBF-2 | TGTCA
(p24)
HSSGG 12 NF-E CTGTC
DREOMESEVE 10 GAGA factor | CTGTC
MOUSESMIEAK ¢ | NF-Y CAGCA
3
MOUSESTHY1 06 CAGCAA
RAVOERAVO 01 C/EBPalpha GCAAG
AMVSAMY (2 C/EBPalpha CTTGC
XENLASACY 01 SRF AAGAT
KXENLASACY 01 SRF ATCTT
HS3GG 26 GATA-] AGATTG
MOUSESBMG 04 | GATA-1 AATCT
PSAMARUTSN 04 ATTGA
HE$EGER 15 TCAAT
ASFTWRKY 01 WRKY3, TTGAC
WRKY4
ASSWREY 01 WRKY1, TTGAC
WRKY?Z
ASSWRKY 62 WRKYI, TTGAC
WRKY?2
ASSWRKY 03 WRK YL, TTGAC
WRKY2
ASFWRKY (4 WRKYT, TTGALC
WRKY2
ATSRLKY 61 WRKY18 TTGAC
AT$RLKS 02 WREY12 TTGAC
CAMYVS3558R 01 ASF-1, OBF4, | TGACG
OBFS, SARF,
TGAL,
TGA1a.TGAL
b, TGA2,
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TGA2 1. TGA

2.2, TGA3,

TGAG, ZAP1
PIGSUPA 02 CRERB TGACG
PIGEUPA 03 CREB, TGACG

CREBbeta
HS$INS 04 CREB TGACG
HE$PL 12 TGACG
HBVSHBVE 27 CRE-BPI, TGACGCAA
HSSCFOS 1] AP-1, ATF | TGCGTCA
HS$PK 02 TGCGTCA
HS$PK_03 AP-1, ATF3, | TGCGTCA

¢-Fos, ¢-Jun,

CRE-BPL,

CREER,

CREBbeia
HSSVIP 01 c-Fos, c-fun, | CGTCA

CRE-BP1,

CREB
BOVINSPPTA 01 | C/EBPdckia, TGCGTCA

CRE-BP2
RATSPDYN 61 CREBR TGCGTCA
ASSNCX 33 MNex ACGTAAAT

TG

HSSEGFR 14 CAAAT
MAIZE$PMS] 01 CAAAT
HS$IGH 04 ATTTG
YEMALGL 04 MIGE AATTG
RATSTH 03 ARIX AATTGA
PSAMSUTEN 04 ATTGA
HS$EGFR 13 TCAAT
TDNASNGS ot ASF-1, TGAGC

OBF3.1,

TGAla,

TGAlb
DROMESUBX 08 | Zesle TGAGCG
DROMESE74 07 Zeste TGAGCG
DROMESET4 08 Zeste TGAGCG
DROMESWHLG § | Zeste TGAGCG
4
DROMESZESTE 0 | Zeste TGAGCG
2
DROMESUBX 06 Zeste CGCTCA
DROMESEVE 04 | GAGA factor | CGCTC
DROMESEVE 08 1 GAGA factor | CGCTC
DROMESEVE 10 | GAGA factor | CGCTC
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MOUSESMT1 06 MTE-1 TGCGCTC
HS$EGFR 14 CAAAT
MAIZESPMST 01 CAAAT
HS$IGH 04 ATTTG
YEMALSL 04 MIGI AATTG
RATS$TH 03 ARIX AATTGA
PSAMSUTSN 04 ATTGA
HSS$EGFR 15 TCAAT
ASSTWRKY 61 WRKY3, TTGAC
WERKY4
ASSWRKY 01 WRKY1, TTGAC
WREKY?2
ASSWRKY 02 WRKYL, TTGAC
WRKY2
ASEWREY 03 WRKYL, TTGAC
WERKY2
ASSWREY 04 WRKY1, TTGAC
WREY2
AT$RLKSA 61 WRKY18 TTGAC
ATSRLKA 02 WRKY1S TTGAC
CAMVSE3S8R 01 ASF-1, OBF4, | TGACG
OBFS5, SARP,
TGAL,
TGAla,
TGAlD,
TGAZ,
TGAZ 1,
TGA22,
TGA3, TGAG,
ZAPL
PIGSUPA 02 CREB TGACG
PIGSUPA 03 CREB, TGACG
CREBbeta
HS$INS 04 CREB TGACG
HS$PL 12 TGACG
HBV$HBVE 27 CRE-BFI, TGACGCAA
CREB, Px
HS3CFOS 11 AP-1, ATF TGCGTCA
HS$PK 02 TGCGTCA
HE$PK 03 AP-1, ATF3, | TGCGTCA
c-Fos, ¢-Jun,
CRE-BPL,
CRER,
CREBbeta
HSSVIP 01 c-Fos, c-Jun, | CGTCA
CRE-BPL,
CREB
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BOVINSPPTA 01 C/EBPdelta, TGCGTCA
CRE-BP2
RATEPDYN 01 CREB TGCGTICA
HSSEGFR 14 CAAAT
MAIZE$PMS1 01 CAAAT
HSS$IGH 04 ATTTG
ASSATHBL 2o ATHB-1 CAATTAAT
TG
ASSNKX61 02 Nkx6-1 TTAATTY
ASSATHRI 26 ATHB-1 CAATTAAT
TG
Y$SUC2 02 MIG1 AATTA
RATSDBH 01 ARIX ¢-Fos, | AATTA
¢c-Jun, CREB,
CREMtau
DROMESEN 01 En, Eve, Ftz, | TCAATCAA
Prd, Zen-1, 1T
Zen~2
DROMESEN 01 En Eve, Fiz, | TCAATTAA
Prd, Zen-1, AT
Zen-2
DROMESEN 04 En, POU2FY | TCAATTAA
(Oct-2. 1) AT
ASSFTZ 47 Fiz, Prd, Zen- | TCAATTAA
1, Zen-2 AT
ASSEN 01 En TCAATTAA
AT
EN$CONS Abd-A, Abd- | TCAATTAA
B, BarH1, AT
Cfla, Cut,
Ems, En, Lab,
PDM-1, Zfh-
1, Zih-2
YSMELL 02 MIGI ATTAA
{CHICKSMGF 01 Gbx2 ATTAA
DROMESEN 05 En TCAATTAA
A
DROME$ADH 29 CTCAATTA
AT
CHICKSMGE 02 Ghbx2 TTAAT
UBXS$CONS 02 Ubx TTAATKG
MOUSESHOXCS O TTAATTG
4
CHICKSMGE 02 Ghx2 TTAAT
ASSNKXel Ot MNkx6-1 TTAATTG
ASENKXGE (2 Nkx6-1 TTAATTG
ASSNKXET 63 Nkx6-1 TTAATTG
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ASSNKX6L 65 IPF1, Nix6-1 | TTAATTG
ASSNEX6! 06 MNkxo6-1 TTAATTG
ASSNEX6L 08 Nkx6-1 TTAATTG
ASENKX61 09 Nkx6-1 TTAATTG
ASENKX6T 19 Nkx6-1 TTAATTG
YSMELT 02 MIGT ATTAA
BOVINSRHO 02 Crx CAATTAA
CHICKS$MGF 01 Gbx2 ATTAA
YSSUC? 02 MIG1 AATTA
RATSDBH 01 ARIX, c-Fos, | AATTA
¢c-Jun, CREB,
CREMiau
YSMALGL 04 MIGH AATTG
RAT$TH 03 ARIX AATTGA
PSAMSUTSN 04 ATTGA
HS$EGER 15 TCAAT
ASSTWRKY 01 WRKY3, TTGAC
WRKY4
ASEWREY 01 WRKYL, TTGAC
WERKY?2
ASSWRKY 62 WREYT, TTGAC
T WREY2 - Figure 8P
ASSWRKY 03 WREKY1, TTGAC
WRKY?2
ASEWREY 04 WRKYL, TTGAC
WRKY2
ATSRLK4 01 WRKY18 TTGAC
ATSRLKS G2 WRKY1S TTGAC
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HS$ALICOL 02 GTGGTTAGC
MOUSEHAP 01 GTGGY
MOUSESIAP 03 | EBP-80 | GTGGT
EBVSIRY 04 R CACCAC
EEVSIR4 05 R CACCAC
HSSPR264 01 C-Myb GGIGAG
HS$APOAZ 06 TCACC
TDONASNOS 01 ASF-1, TGAGC
OBF3.1,
TGAla,
TGAlb
DROMESUBX 08 | Zesie TGAGCG
DROMESETL 67 | Zeste TGAGCG
DROMESE74 08 Zeoste TGAGCG
DROMESWHLO | Zeste TGAGCG
04
DROMESZESTE | Zeste TCGAGCG
42
DROMESUBX 06 | Zeste CGCTCA
DROMESEVE 04 | GAGA CGCTC Figure $Q
factor
DROMESEVE 08 | GAGA CGCTC
factor
DROMESEVE 10 | GAGA CGCTC
factor
ASSPAX4 29 Pax-4a CATTCCCAGA
CG
CHICKSBAG 04 TCTGGGCA
CHICK$SBAG 09 | CTF TCTGGGCA
SYESV4D 37 CTGGG
RATSTAT 6 NREF-1 CATGCGCAG
SYESV4D 63 T-Ag TGGGC
CHICK$BAG 03 GGGCA
RATENFI 61 LE-Al GGGCA
HE$CATHD 01 ER-aipha, | GGGCA
Spi
RATSVEGF 01 ER-aipha, | GGGCA
ER-beta
MOUSESPIDD 61 | p33 GGACATGTCT
CHICK$BAG 03 TGCCC
RATSVEGF 02 ER-alpha, | TGCCC
ER-beta
RATSSPI23 02 C/EBPalp | CCCAGAAAT
ha
ASSTGIF 09 TGIF TGTCT
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CHICKSBAG 04 TCTGGGCA
CHICK$BAG 09 { CTF TCTGGGCA
SYESVAD 37 CTGGG
RATSTAT 06 NRFE-1 CATGCGCAG
SYESVAL 63 T-Ag TGGGO
CHICKSBAG 03 GGGCA
RATSNF1 01 LE-Al GGGCA
HS$CATHD 01 | ER-alpha, | GGGCA
Spl
RATSVEGF 01 ER-aipha, | GGGCA
ER-beia
MOUSE$PIDD ¢1 | p53 GGACATGTCT
CHICKSBAG 03 TGCCC
RATSVEGF 02 ER-alpha, | TGCCC
ER-beta
RATSHSPIZ3 (2 C/EBPalp | CCCAGAAAT
ha
ASSTGIE 69 TGIF TGTCT
CHICK$BAG 04 TCTGGGCA
CHICKSBAG 09 CTF TCTGGGCA
SVESVAD 37 CTGGG
RATSTAT 06 NRF-1 CATGCGCAG
SVESV4D 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATSNF1 61 LF-Al GGGCA
HS$CATHD 01 ER-alpha, | GGGCA
Spl
RATSVEGF 01 ER-aipha, | GGGCA
ER-beta
MOUSESPIDD 61 | p33 GGACATGTCT
CHICKS$SBAG 03 TGCCC
RATSVEGE 02 ER-alpha, | TGCCC
ER-beta
RATSER23 02 C/EBFalp | CCCAGAAAT
ha
AS$TGIF (9 TGIF TGTCT
CHICKSBAG 04 TCTGGGCA
CHICKSBAG 069 | CTF TCTGGGCA
SYESV4EL 37 CTGGG
RATSTAT 06 NRF-1 CATGCGCAG
SVESVAL 63 T-Ag TGGGC
CHICK$BAG 03 GGGCA
RATSNFI O LE-Al GGGCA
HS$CATHD 01 | ER-alpha, | GGGCA
Spl
RATSVEGF 01 | ER-alpha, | GGGCA
ER-beta
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CHICK$BAG 03 TGCCC
RATHVEGE 02 ER-alpha, | TGCCC
ER-beta
HS$APAF1 01 p33 CGACAAGCCC
ASSHOXA3 13 HOXA3 CATGTTGGG
ASSFTZ 56 Fiz CCGACA
HSVI$GD 01 ICP4 CCGAC
ATSCORISA 01 | ANT, CCGAC
CBF1,
CBF2,
CBF3
ATSRD29B 01 CBFi CCGAC
AT$RD29A_01 CBFI, CCGAC
DRERIA,
DREBZA
ATSCOR78 41 ANT, CCGAC
CBF1,
CBe2,
CBE3
ATSCORI5B 01 | CBFL CCGAC
CBF2,
CBF3 e
HS5CCE. 03 CORGOATCCT Figure 85
G
HS$CETP 02 LXR- CGGGCA
alpha,
LXR-beta,
RXR-
alpha
HR$CYCDI 15 Spl, 8p2, | GCCCG
Sp3, Spd
CHICK$BAG 03 GGGCA
RATSNF1 01 LF-Al GGGCA
HSSCATHD 01 ER-alpha, | GGGCA
Spl
RATSVEGE 01 ER-alpha, | GGGCA
ER-beta
CHICKSBAG 03 TGCCC
RATSVEGF 02 ER-alpha, | TGCCC
ER-beta
ASPNSABAA 03 {abaA CATTCT
ASPNSABAA 04 | abaA CATTICT
ASPNSABAA 05 |abaA CATICT
ASPNSBRLA 03 |abaA CATTCT
ASPNSRODA 035 | abaA CATTCT
ABAASCONS 01 | abaA CATTCY
ASPNSERLA 05 |abaA CATICT
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ASPNSYA 02 abaA AGAATG
I$HSF G HSF AGAAN
FSHSF 01 HSF AGAAN
SVESV4L 37 CTGGG
RATSIGFBP2 03 | Spl TGGGCETEIG
SVESVAD 63 T-Ag TGGGE
Y$HOPT 01 TGGGCGGLT
RATSBMHC (4 NFe TGACGCCCA
MOUSESGLUT4 | Spt GGGCGT
03
HS$U2SN (4 Spl ACGCCC
HAR$CDHIB 01 apl CGCCC
AS$PAXSE 29 Pax-4a CATTCCCAGA
CG
CHICKSBAG 04 TCTGGGCA
CHICKSBAG 09 1 CTF TCTGGGCA
SVESV40 37 CTGGG
RATSTAT 06 NRF-{ CATGCGCAG
SVESVAD 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATSNF1 01 LF-A1 GGGCA
HS$CATHD 6t ER-aipha, | GGGCA
Spl
RATSVEGF 01 ER-alpha, | GGGCA
ER-beta
MOUSESPIDD 01 | p33 GGACATGICT
CHICKSBAG 03 TGCCC
RATSVEGE 02 ER-alpha, | TGCCC
ER-beta
RATSSPIZ3 (12 C/EBPalp | CCCAGAAAT
ha
AS$TGIF 09 TGIF TGTCT
CHICKSBAG 04 TCTGGGCA
CHICK$BAG 09 | CTF TCTGGGCA
SVESV40 37 CTGGG
RATSTAT 06 NRF-1 CATGCGCAG
SVESV4EL 63 T-Ag TGGGC
CHICKSBAG 03 GGGCA
RATSNF1 01 LF-Al GGGCA
HS$CATHD 01 ER-alpha, | GGGCA
Spl
RATSVEGF 0} ER-alpha, | GGGCA
ER-beta
MOUSESPIDD 01 | p33 GGACATGTCT
CHICKS$SBAG 03 TGCCC
RATSVEGE 02 ER-alpha, | TGCCC
ER-beta
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RATSSPI23 02 C/BBPalp | CCCAGAAAT
ha
ASSTGIF 09 TGIF TGTCT
CHICKSBAG 04 TCTGGGCA
CHICK$BAG 09 | CTF TCTGGGCA
SVESV4EU 37 CTGGG
SVESVAD 63 T-Ag TGGGL
CHICKS$BAG 03 GGGCA
RATSNF ¢ LE-Al GGGCA
HS$CATHD 01 ER-aipha, | GGGCA
Spi
RATSVEGE 01 ER-alpha, | GGGCA
ER-beta
CHICKSBAG 03 TGCCC
RATSVEGF 02 ER-alpha, | TGCCC
ER-beta
ASESTATSA 44 STATSA TTCTCGACA
1$HSF 01 HSF AGAAN
FSHSF 01 HSF AGAAN
HS$TERT 01 c-Myc CACCGTY
WHEATS$H4 01 | ssDBP-1, | CCACGTCACC
ssDBP-2 G
CREB$SCONS 02 | CRER, GNTGACGY
CREBbeta
deltaCRE
B
AS$BZIPOIT 27 bZIP%11 GGTGACGTGT
AL
ASSBZIP9IL 28 bZ1P911 GGTGACGTGY
AC
ASSBZIPY11 30 bZIPS1 ] GGTGACGTGT
AC
HSSAPOA2 06 TCACC
ADSMLEP 10 LUSF CACGTGALC
ADSE4 02 EAF ] GTGACGT
ADSE4 03 CRE-BPI, | GTGACGT
E4F]
ADSE4 03 F4F1 GTGACGT
ADSSELA 14 ATF GTGACGT
AD3$E1A 16 ATF GTGACGT
ADSSEIA 21 ATF GTGACGT
HSSMIB7 03 GTGACG
HS$P53 03 Pax-2, GTGAC
Pax-5,
Pax-8
HSSMMP] 06 GTCAC
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3035

{dentifier

Binding
Factsr

Seguence
{(Search
Pattern)

CAMV$358R 01

ASF-1,
OBF4,
OBF3,
SARP,
TGAL,
TGAla,
TGAID,
TGA2,
TGA2.1,
TGA2.2,
TGA3,
TGAS,
ZAP}

TGACG

HS$GHA 03

GR, GR-
alpha, GR-~
beta

TGACGT

PIGSUPA 02

CREB

TGACG

PIGSUPA_03

CREB,
CREBbeta

TGACG

HS$VIP 04

ATE

TGACGT

CAMVS$3358_03

HBP-1,
HBP-1a,
HEBP-
ta(l,
HEP-
talcl4),
HEP-1b,
HBP-
1h(cl)

TGACGT

HS$INS 04

CREB

TGACG

RATSTH2A 01

TGACGT

ATSDBP 01

GBF1.
HBP-1a,
HBP-1b,
OBF3.1,
OBF3.2,
OBF4,
OBF3,
TGAL
TGAS,
TGAG

TGACGT

PEASLEGA 01

HBP-1a,
HEP-1b

TGACGT

HS$PL 12

TGACG

HTISHTLVL 20

TAF,
TAF-II,
Tax

TGACGT
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Identifier Binding Seguence
Factor {(Search
Pattern)
BZIP910$CONS 0 | bZIPOI0 | TGACGTG
1
BZIPOIOSCONS 0 | bZIPOI0 TGACGT
2
ADSE4 16 ATF, atfl, | ACGTCA
ATF3, ¢
Jun, CRE-
RPI,
CREB,
deltaCRE
B, EivF,
TREB-1
RAT$TH 02 ATF ACGTCA
HS$VIP_O1 c-Fos,c- | CGTCA
Jon, CRE-
BPi,
CRER
TDNASNOS 02 | HBP-l, | ACGTCA
HBP-1a,
HBP-ib
RATSTH2B 04 ACGTCA
RICES$NRT 01 HBP-ia, | ACGTCA
HBP-1b
YRLPDL 02 ATFE ACGTCA
HSSENOL 61 HIiF-1 GACGTG
AT$GST6 02 OBF4 GACGTG
RICESEM ¢1 OSBZ8, ACGTG
TRABL
RICESEM 02 OSBZ8 ACGTG
HS$ETT 03 HiF-1 GCACGT
ASYmEMBP 13 EmBP-la | CACGT
MOUSE$MT1 01 | Spl TGCAC
MOUSESMT1 01 | Spi TGCAC
RATSCYTOPR 04 | ABR, At | CACGC
DAUCESDC3 04 | DPBFR-1, CACGCG
DPBF-2
ASSAHRARNT 3 | AhR, Arot | GCGTG
&
ASSDSCT 01 DSC1 ACGCGT
Y$CDRCY 02 PsCE ACGCGT
Y$POLY 01 MCBF ACGCGT
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