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TALE TRANSCRIPTIONAL ACTIVATORS

CLAIM OF PRIORITY
This application claims the benefit of U.S. Provisional Patent Application
Serial No. 61/762,123, filed on February 7, 2013, The entire contents of the

foregoing are hereby incorporated by refercuce.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This invention was made with Government support under Grant Nos, DP1
0OD006862, P50 HGOOS550, ROI NSO73124, and T32 CAG09216 awarded by the

National Institutes of Health., The Government has certain rights in the invention.

TECHNICALFIELD
This invention relates to methods, e.g., computer-implemented methods, for

designing and engineering artificial TAL cffector activators {TALE-activators),

BACKGROUND

Rapid advances in Xanthomonas-derived transcription activator-like {TAL)
effector technology have enabled any rescarcher to construct tools for targeted
alteration of gene sequence or expression. Highly conserved 33-33 amino acid TAL
effector repeat domains each bind to one nucleotide of DNA with specificity dictated
by the identities of two hypervariable residues.’ To construct a protein capable of
recognizing a specific DNA sequence, repeats with different specificities are simply
joined together into a multimerized array, Much recent effort has focused on
enginecred TAL eftector mucleases (TALENSs), fusions consisting of TAL effector
repeat arrays and a nuclease domain that enable routine targeted modification of
endogenous genes in a variety of different organisms and cell types.! TAL effector
repeat arrays have also been fused to transcriptional activation domains to construct
artificial TAL cffector activators (TALE-activators) that can increase endogenous

L 2-10
gene expression in plant and human celis.

Artificial transcription factors that can
be custom-made for target genes of interest have already shown promise as broadly

. . . 11
useful research tools and may have potential for therapeutic applications,
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SUMMARY

At least in part, the present invention is based on the discovery that TALE-
activators composed of 16.5 to 22.5 repeats have optimal activity, and that the lovel of
gene expression indaced by TALE-activators can be fine-tuned, by altering the
specific activation domain used and/or by exploiting the ability of TALE-activators,
like naturally occurring transeription {actors, to function synergistically.

Thus in a first aspect the invention provides computer-implemented methods
pertormed by one or more processing devices, The methods comprise providing
information to cause a user device to display a user interface that inclhudes a user input
mechanism for recciving information related to a target gene; receiving, from the user
device, a selected target gene; identifying, by one or maore computers, 0ue OF More
subsequences of the target gene sequence, wherein: the subsequence is within a
regulatory region of the target gene, e.g., within a promoter region; the subsequence is
within a DNase [ hypersensitive region of the regulatory region of the target gene, the
subsequence 1s 18-24 nucleotides long; and optionally, the first nucleotide (57 fo the
first canonical TALE-repeat domain binding nucleotide) in the subsequence is a
thymine; and selecting the one or more subsequences; and providing information to
cause the user device to display at least some of the selected one or more
subsequences.

fn another aspect the invention provides methods for identifying a candidate
Xanthomonas-derived transcription activator-like effector (TALE) activator binding
site. The methods comprise: selecting a target gene; identifying one or more
subsequences of the target gene sequence, wherein: the subsequence is within a
regulatory region of the target gene, ¢.g., within a promoter region; the subsequence is
within a DNase I hyperseuositive region of the regulatory region of the target geone, the

2

subsequence s 18-24 nucleotides long; and optionally, the first nuclectide (i.e., 5’ to
the first canonical TALE-repeat domain binding nucleotide) in the subsequence is a
thymine; and selecting the one or more subsequences as candidate TALE-activator
binding sites.

The selection of a subsequence 1s made based on the presence of the
subsequence within a regulatory region of the target gene, e.g., within a promoter
region; based on the presence of the subsequence within a DNase | hypersensitive

region of the regulatory region of the target gene; selecting a subsequence that is 18-
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24 nucleotides long; and optionally, selecting a sequence that has a thymine as the
nucleotide just 57 to the first nucieotide in the subsequence.

In some embodiments, the methods can include identifying a subsequence
wherein one or more of the following is true, or is not true: the second nacleotide of
the subsequence is an adenosine; the 3° most nucleotide of subsequence is not a
thymine; and/or the base composition of the TAL effector repeat array binding site
varies from an observed percent composition of naturally occurring binding sites by
more than 2 standard deviations, t.¢., 15 other than A= 0-63%, C = 11-63%, G =¢-
25%, T = 2-42%.

in an additional aspect, the invention provides methods for making a TALE-
activator that increases transcription of a target gene, e.g., a coding or non-coding
geng, ¢.g., a niIRNA. The methods comprise: selecting a target gene; identifying onc
ot more subsequences of the target gene sequence, wherein: the subsequence is
within a regulatory region of the target gene, e.g., within a promoter region; the
subsequence 1s within a DNase 1 hypersensitive region of the regulatory region of the
target gene; the subsequence is [8-24 nuclectides long, preferably 18 nucleotides
long; and optionally the first nucleotide (57 o the first canonical TALE-repeat domain
binding nucleotide) in the subsequence is a thymine; selecting a subsequence; and
generating a fusion protein comprising: an engineered DNA-binding domain that
comprises an engineered transcription activator-like effector {TALE) repeat array and
that binds specifically to the selected subsequence, and a transactivation domain
comprising 4 sequence that increases transcription of a target gene; thereby making a
TALE-activator that increases transcription of the target gene.

In some embodiments, the TALE repeat array 18 16.5 to 22.5 repeats {the C-
terminal repeat is typically shorter and 1s veferred to as a “half repeat”™).

In some embodiments, the transactivation domain comprises a VP16, VP64 or
NF-KB p65 domain, preferably VP64,

In an additional aspect, the invention provides methods for increasing
franscription of a target sequence in a cell, the method comprising contacting the cell
with a TALE-activator made by a method described herein,

In an additional aspect, the invention provides methods for increasing
transcription of a target sequence in a cell, by contacting the cell with two or more

TALE-activators made by a method described herein.
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In some embodiments, at least one of the two or more TALE-activatlors
comprises VP64, and at least one of the two or more TALE-activators comprises NF-
KB p65 domain.

The subsequences identified by the methods described herein are also referred
to as TALE-activator binding sites.

n some embodiments of the methods describe herein wheren the first (57)
nuclectide in the subsequence is a thymine, the subsequence includes the DNA bases

{e.g., 17-23 bases) that are each specified by a single canonical TALE-repeat domain,

and an additional T base that is located just 57 to the first base contacted by the amino
terminal-most canonical TALE-repeat domain; this T base is part of the subsequence
(i.e., the subsequence includes the 57 T), but 1 preferred embodiments 1s not bound
by one of the canonical TALE repeat domains (the 5° T 1s believed to contact the N
terminus of the TALE that precedes the first canonical TALE-repeat domains; there is
a pseudo-repeat-like domain there that is believed to make the contact to this T). See,
e.g., Joung and Sander, Nature Reviews Molecular Cell Biology 14, 49-55 (2013 In
some embodiments where the 57 nucleotide is other than thymine, the subsequence
can be 17-23 nucleotides long, and in some embodiments i1s 17-18 nucleotides long,
and therefore consists entirely of nucleotides that contact the TALE repeat domains.

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonty understood by one of ordinary skill wn the art to
which this invention belongs. Methods and materials are described herein for use in
the present invention; other, suitable methods and materials known in the art can also
be used. The materials, methods, and examples are iHustrative only and not intended
to be miting. All publications, patent applications, patents, sequences, database
entries, and other references mentioned herein are incorporated by reference in their
entirety, In case of conflict, the present specification, including definitions, will
control.

Other features and advantages of the invention will be apparent from the

following detailed description and figures, and from the claims.

DESCRIPTION OF DRAWINGS
Figures 1A-B Activities of 54 vanable length TALE-activators targeted o the
endogenous human VEGF-A gene. (a) Schematic depicting the human VEGF-A

promoter region. The transcription startpoint 1s mdicated with a black arrow and
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previously published DNase I hypersensitive regions™ are shown as grey bars, The
PNase | hyperseusitive region located between positions +400 to +650 relative to the
transcription start site has been expanded, with red arrows indicating the locations and
orientations of the 26 byp sites bound by the longest length TALE-activator (harboring
24.5 TAL offector repeats) in each set. (B) Activation of VEGF-A protein expression
in 293 cells by 54 variable-length TALE-activators. Fold-activation valaes were
caleulated as described in Methods. Each TALE-activator was assayed in triplicate
and error bars represent standard errors of the mean. Asterisks indicate fold-
activation values that are outliers (assuming a normal distribution) relative to other
values in the same set, All activators tested (except the 14.5-repeat activator from set
7} wduced fold-activation of VEGE-A expression to a value significantly greater than
1, as determined by a onc-sided, paired t-test,

Figure 1C Schematic of TALE-activater architecture used in this study.
The TALE-activator architecture we used for our experiments is similar to one
described by Rebar and colleagues (Miller, 1.C. ot al. Nat Biotechnol 29, 143-148
{2011}). These proteins contain the A152 N-terminal domain and the +95 C-terminal
domain that flank the TAL effector repeat array as well as an N-terminal nuclear
focalization signal (NLS) and a C-terminal activation domain (either VP64 or p65).

Figures 2A-C Activities of 16 TALE-activators targeted to the endogenous
human VEGF-A, miR-302/367 cluster, and NTF3 genes. For all three gene largets,
experiments were performed in triplicate with TALE-activators harboring either the
VP64 {green bars) or NF-KB p63 (blue bars) activation domain. Error bars represent
standard errors of the mean. {a&) VEGF-4-targeted TALE-activators. Fold-activation
values of VEGF-A protein were determined as described in Methods, Asterisks
indicate activators that induced fold-activation of VEGF-A significantly greater than
1, as determined by a one-sided, paired t-test. (b) miR-302/367-targeted TALE-
activators, Fold-activation values of miR-302a transcript were determined as
described in Methods. Asterisks indicate activators that induced fold-activation of
miR-302a transeript levels to a level significantly greater than 1 as determined by a
one-sided, paired t-test, {¢) NTF3-targeted TALE activators. Hxpression levels of
NTF3 mRNA relative to GAPDH mRNA are shown. Asterisks indicate activators that
induced significant elevation of NTF3 transcript levels relative to a control as

determined by a one-sided, paired t-test.
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Figures 2D-E Correlation between activity of TALE-activators and violations
of previously described computationally-derived target site guidelines, {d) Guideline
violations and activities of 54 TALE-activators targeted to the human VEGF-4 gene.
Correlation p-value is shown. (e} Same data as in (d) but broken down into nine sets
each consisting of six TALE-activators composed of 14.5, 16.5, 18,6, 20.5, 22.5 or
24.5 TAL effector repeat arrays targeted to overlapping sites,

Figures 3A-B Schematic overview of TALE-activator binding sites within
the (a) VEGF-A, (b)Y miR-302/367, and {¢) NTF3 gene promoter regions. Thick black
fines indicate exons, thin black lines indicate introns or promoter regions, and black
arrows ndicate the start site of transeription. Thick blue lines represent miRNAs.
Grey bars indicate digital DNAse T hypersensitive regions, DNAse I hypersensitive
regions we targeted are expanded and red arrows depict precise locations of TALE-
activator binding sites and orientations of the activators when bound on the DNA (the
arrow indicates the direction of the protein from amino- to carboxy-terminus when
bound 1o is target DNA sile).

Figure 4. A flowchart of an exemplary process for identifving potential
TALE-activator binding sites.

Figure 5. An example of a computing device for use in the present methods,

DETAILED DESCRIPTION
Although TALE-activators have a broad range of potential applications, the
fow activities and restricted targeting range of these proteins as described in the
fiterature to date raise concerns about the robusiness of this technology. Published
TALE-activators made for endogenous genes have generally shown very modest
activities” ™ %? — 13 of the 26 previcusly described proteins (for which quantitative
information 1s available) induced target gene expression by three-fold or more and

only 4 out of 26 activated by five-fold or more (Table 1).
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One potential explanation for these observed low activities i that certain DNA
sequences may be suboptimal for targeting by TALE-activators, a concept recently
codified by Bogdanove and colleagues in five computationally-derived guidelines for
choosing target sites (Dovle, E.L. et al,, Nucleic Acids Res 40, W117-122 (2012);
discussed further below). Consistent with this, 19 of the 20 target sites for the 26
published TALE-activators described above fail to meet one or more of these five
guidelines {Table 2). Another potential cause for the low fold-activation values
observed could be that some of the various TALE-activator architectures used in
previous studies may not be optimal, as discussed further below., However, the seven
different architectures used to date to construct TALE-activators tested on
endogenous gene targeis™ " ¥ have been evaluated on only relatively small
numbers of sites, making it difficult to evaluate thetr individual efficiencics (Tables 1
and 2}, Thus, a robust, well-validated TALE-activator platform with a broad
targeting range has yet to be identified for mvestigators interested in using these
proteins,

Described herein are TALE-activators constructed on a single common
architecture 1n which parameters that do and do not atfoect the activities of these
proteins in human cells are systematically defined. As shown herein, TALE-
activators of certain critical defined lengths can robustly activate transcription of not
only protein-coding, but also non-coding microRNA {miRNA}), genes in hurnan cells,
In addition, TALE-activators made on the present platform are not constrained by
four of five previously described computationally-derived guidelines that restrict
target site choice (Doyle, E.L. et al., Nucleic Acids Res 40, W117-122 (2012)),
thercby greatly expanding the targeting range for these proteins, Finally, levels of
target gene expression can be variably tuned by altering the specific activation dowain
used and/or by exploiting the ability of TALE-activators, like naturally occurring
transcription factors, to {unclion synergistically, Taken together, the present data
provide clear and large-scale evidence that, contrary to the published lterature,
TALE-activators are indeed a robust platform for controlling expression of essentially

any endogenous gene of inferest over a wide dynamic range in human cells.
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Guidelines for choosing monomeric TALE-activator binding sites and effects on

targeting range

Cermak ¢t al. originally proposed five guidelines for identifying optimal

TALE-activator binding sites of engineered dimeric TALENs (Cermak, T. et al.

MNucleic Acids Res 39, ¢82 (2011}). These guidelines were computationally derived

from data on the binding preferences of naturally occurring TAL effectors but were

not prospectively tested experimentally. As summarized previcusly (Boyle, E.L. et

al. Nucleic Acids Res 40, W117-122 (2012)), the Cermak guidelines can be stated as

follows:

1. The nucleotide just 57 to the first nucleotide in the TALE-activator binding site
should be a thymine.

2. The first nucleotide of the TALE-activator binding site should not be a
thymine.

3. The second nucleotide of the TALE-activator binding site should not be an
adenosine.

4, The 3" most nucleotide of the TALE-activator binding site should be a
thymine.

5. The base composition of the TALE-activator binding site should not vary from

the observed percent composition of naturally cccurring binding sites by more
than 2 standard deviations. The percent composition of naturally occurring
TAL effector repeat array binding sites was determined 1o be: A = 31x16%, C
= 37+13%, G = 9+8%, T = 22+10%. Therefore, the base composition of
TALE-activator binding sites should be: A = §-63%, C = 11-63%, G = 4-25%,

T =2-42%.

In a previous large-scale study, it was dewonstrated that highly active diseric

TALENSs can be made for target binding sites that violate one or more of guidelines 2

through 5 (none of the sites targeted violated guideline 1) (Reyon, D, et al. Nat

Biotechnol 30, 466-465 (2012}). As demonstrated herein, no significant correlation

exists between the number of guideline violations and the activities of the engineered

dimeric TALENs (Revyon, D. et al. (2012}). These results strongly suggested that

uidelines 2 through 5 do not need to be followed when choosing target sites for
™ fae

dimeric TALENSs.

More recently, Doyle ¢t al, suggested that target binding site sclection for

monomeric TAL effector-based proteins should be limited by these same five

10
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guidelines {Doyle, E.L. et al. Nucleic Acids Res 40, W117-122 (2012)). The TALE-
NT 2.0 web-based software tool (boglab.plp.iastate.edu) recently developed by
Bogdanove and collcagues (Doyle, E.L. et al. Nucleic Acids Res 40, W117-122
{2012)) also applics these five guidelines i its default settings when choosing target

sites for monomeric TAL effector repeat arrays used in TALE-activators.

11
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The implementation of these prior art guidelines has the effect of substantially
limiting the targeting range of engineered monomeric TALE-activators. For example,
application of the five guidelines restricts the identification of a targetable 18 bp site
{bound by a 16.5 TAL effector repeat array) to once in every 27 bps of random DNA
sequence. By contrast, relaxing guidelines 2 through 5, enables a targetable 18 bp site
1o be found once it every two bps of random DNA, a more than 13-fold improvement
in targeting range.

Thus, 1n some erbodiments, the present methods include selecting s TALE-
activator binding site wherein the binding site is within a DNasel hypersensitive site;
wherein the nucleotide just 57 to the first nucleotide in the canonical TALE-repeat
domain binding site 18 a thymine; and wherein the binding sue 15 18 to 24 bps in
length (including the 5° T).

In some embodiments, one or more of the following is also true:

AL The first nucleotide of the TALE-activator binding site is a thymine;

B. The second nucleotide of the TALE-activator binding site 18 an
adenosing;

C, The 3" most nucleotide of the TALE-activator binding site is nota

thymine; and/or

D. The base composition of the TALE-activator binding site varies from
the observed percent composition of naturally occurning
binding sites by more than 2 standard deviations, 1.¢., is other
than A = 0-63%, C = 11-63%, G = 0-253%, T =2-42%.

in some embodiments, one or more, ¢.g., all, of B-D are not true.

Methods for Engineering TALE-Activators

Described herein is large-scale validation and optimization of a TALE-
activator architecture that can be used to robustly activate expression of endogenous
genes in human cells. Systematic testing of the effect of TAL effector repeat number
ou this archilecture demonstrated that TALE-activators composed of 16.5 10 22.5
repeats (targeting sites 18 to 24 bps in length, with a T at the 5 end of the binding
site) posscss optimal activities. The data also provide clear-cut experimental evidence
showing that TALE-activators made on this architecture do not need to adhere to four
of five published computationally-derived guidelines (Doyle, E.L. ot al., Nucleic

Acids Res 40, W117-122 (2012}, thereby greatly expanding the targeting range of
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this piatform to onc 18 bp site in every two bps of random DNA sequence. These
parameters were validated by prospectively making TALE-activators targetad to sites
within known or predicted DNase [ hypersensitive sites and demonstrating high
activities and high success rates on protein-coding and miRNA cluster genes, a result
that stands in contrast fo previously published studies that described less robust
activation (Table 1},

Thus, the methods described herein include selecting a target sequence of
interest, preferably a target sequence that 1s part of or comprises a regulatory region,
e.g., a promoter, of a target gene. In some embodiments, the methods include
sclecting a target sequence that is in a known DNase T hypersensitive region, e.g.,
hased on conparison {o one or more databases, In some embodiments, the methods
include performing a DNase | hypersensitivity assay as known in the art to identify a
target sequence that is within a DNase I hypersensitivity region.

The methods further include identifying potential {or candidate) TALE-
activator binding sites based on the guidelines set forth herein, .., TALE-activator
binding sites 18 — 24 bp in length preferably including the 5T, In some
embodiments, users can change this length constraint, ¢.g., by entering a new value in
a length input box. The studies described herein suggest that TAL effector repeat
arrays composed of 16.5 to 22.5 repeats (that bind to sites 18 — 24 bps n length
preferably including 2 57 T should be wade to ensure robust activity of TALE-
activators.

Once a binding site has been identified using the methods described hercin,
the methods can further include generating a TALE-activator that binds to an
identified binding site. The TALE activators include a TAL effector repeat array
assembly (which binds to the identified binding site) fused to a transcription activator.
Transcription activators that can be used in the TALE activators are known in the art,
e.g., one or more, preferably four, VP16 peptides (Le., VP64), or an NF-KB p63
transactivation domain. See, e.g., Tremblay et al., Hum Gene Ther. 2012
Aug;23(8):883-90; Li ¢t al., Scientific Reports 2:897 (2012} DOT: 10.1038/srepl0897;
and US 20110301073,

TAL effector repeat arrays include tandem repeats, typically 33-35 amino
acids in length. Each repeat is largely identical except for two variable amino acids at
positions 12 and 13, the repeat variable di-residues (RYDs). The C-terminal repeat is

generally shorter and referred to as a “half repeat”. Each repeat binds to a single base
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pair based on 4 simple code; the four most common RVDs each preferentially bind to
one of the four bases (HD 1o C, Nl to A, NG to T, NN to Gy (see, e.g., Lietal.,
Scientific Reports 2:897 (2012); Boch et al., Review of Phytopathology 48: 419--36;
US 20110301073), Thus, an engineered TALE-activator protein with N.S domaings
will contact a site that is N.5 + 1.5 bps long {which includes the 53° T). For example, a
TALE-activator protein as described herein that is 12,5 domains long will contact a 14
A nuraber of methods for TAL effector repeat array asserably are known i
the art (¢.g., REAL (Sander, J.D. et al. Nat Biotechnol 29, 697-698 (2011}; Reyon, D,
et al. Curr Protoc Mol Biol, 2012 Oct;Chapter 12:Uniti2.15); REAL-Fast (Reyon, D.
et al, Carr Protoc Mol Biol, 2012 Qe Chapter 12:Unit12.15); or FLASH (Reyon, 1),
et al. Nat Biotechnol 30, 460-465 (2012) and PCT/US2012/046451)) and can be used
to construct TALE-activators ou the architecture used in this report. All plasmids
required to practice REAL are available through the non-profit plasmid distribution
service Addgene (addgenc.org/talengineering/). The archive of 376 plasmids required
to practice FLASH and REAL-Fast are also available (TAlLengineering.org).
Molecular biological techniques known in the art can be used to construct the TALE
activators. See, e.g., Tremblay et al., Hum Gene Ther, 2012 Aug23(81:883-90; Liet

al., Scientific Reports 2:897 (2012 DOI: 16.1038/srep00897; and US 20110301073,

DNase ! Hypersensitive Sites

As used herein, a “DNase I hypersensitive site” is a short region of chromatin
identified by ifs super sensitivity to cleavage by DNase I DNase [ hypersensitive
sites can be identified using methods known in the art, ¢.g., empirically, or can be
identified based on published data or databases of DNase [ hypersensitive sites. For
example, DINasel fingerprinting can be performed by a method that includes DNasel
digestion of intact nuclei, isolating DNasel 'double-hit’ fragments as described in Sabo
ot al. {Nat Methods. 2006 Jul;3(71:511-8.}, and direct sequencing of fragment cnds
{which correspond to in vive DNasel cleavage sites) nsing the [Humiva Ux (and
[lumina HiSeq by early 2011) platform (36 bp reads). Uniguely-mapping high-
guality reads can be mapped to the genome using Bowtie. DNasel sensitivity s
directly reflected in raw tag deusity, which is shown in the track as deunsity of tags
mapping within a 150 bp sliding window (at a 20 bp step across the genome). DNasel

sensitive zones (HotSpots) can theo be identified using the HotSpot aigorithm
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described in Sabo et al. (Proc Natl Acad Sci U 8 A, 2004 Nov 30;101{(48):16837-42).
In some embodiments, false discovery rate thresholds of 1.0% (FDR 1.0%) are
computed for cach cell type by applying the HotSpot algorithm to an equivalent
nuraber of random uniguely-mapping 36mers, DNasel bypersensitive sites (DHSs or
Peaks) are then identified as signal peaks within FDR 1.0% hypersensitive zones
using a peak-finding algorithm (J-max}.

Other methods of identifying DNasel hypersensitive sites can also be used.
See, ¢.g., Madrigal and Krajewski, Front Genet. 2012; 3:230; Wu, Nature, 1980 Aug
28; 286{53776):854-64; Gross and Garrard, Annu Rev Biochem. 1988; 57:159-97;
Boyle et al., Cell. 2008 Jan 25; 132(2)3:311-22; McDaniell ¢t al., Databases of DNasel
hypersensitive sites can also be used to identity and select candidate subsites, e.g., the
DNase 1 hypersensitive regions identified in the University of Washington ENCODE
data. Such sites can be identified using the UCSC genome browser
{genome.ucsc.edu; Rosenbloom et al. Nucleic Acids Res 40, D%12-917 (2012)).

In some embodiments, empirical DINase T sensitivity data obtamned from a
specific cell type of interest is used, i.e., the same cell type in which an increase in
transcription s desired {i.¢., the target cell type}. In some embodiments, DNase |
hypersensitive sites are selected that have been identified as DNase [ hypersensitive
sites in multiple different cell types, based on the reasoning that these areas have a

high probability of being in open chromatin in the target cell type.

Computer- and Software-Based Embodiments

in some embodiments, various implementations of the systems and methods
described here can be realized in digital electronic circuitry, mtegrated circuitry,
spectally designed ASICs (application specific integrated circuits), computer
hardware, firmware, software, and/or combinations thereof. These various
irnplementations can include implementation in one or more computer programs that
are executable and/or interpretable on a programmable system including at least one
prograrmmable processor, which may be special or general purpose, coupled to receive
data and instructions from, and to transmit data and instructions to, a storage systen,
at least one input device, and at least one output device,

These computer programs {(also known as programs, software, software
applications or code) include machine instructions for a programmable processor, and

can be implemented in a high-level procedural and/or object-oriented programming
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language, and/or in assembly/machine language. As used herein, the terms “machine-
readable medium” and “computer-readable medium™ refer to any computer program
product, apparatus and/or device {c.g., magnetic discs, optical disks, memory,
Programmable Logic Devices (PLDs}) used to provide machine wstructions and/ox
data to a programmable processor, including a machine-readable medium that
receives machine instructions as a machine-readable signal. The term “machine-
readable signal” refers to any signal used to provide machine mstructions and/or data
to & programmable processor.

To provide for interaction with a user, the systems and techniques described
here can be implemented on a computer having a display device {e.g., a CRT (cathode
ray tube)} or LCD (hqud crystal display) monitor) for displaying information to the
user and a keyboard and a pointing device (¢.g., 2 mouse or a trackball} by which the
user can provide input to the computer. Other kinds of devices can be used to provide
for interaction with a user as well; for example, feedback provided to the user can be
any form of sensory feedback (e.g., visual feedback, auditory feedback, or tactile
feedback); and input from the user can be received in any form, including acoustic,
speech, or tactile input.

The systems and technigues described here can be implemented in a
computing system that includes a back end component {e.g., as a data server), or that
imcludes a middleware coraponent {e.g., an application server), or that inchudes a front
end component (¢.g., a client computer having a graphical user interface or a Web
browser through which 4 user can interact with an fmplementation of the systems and
techniques described here}, or any combination of such back end, nuddieware, or
front cud components, The components of the system can be interconnected by any
form or mediom of digital data corvmunication (e.g., a cormamunication network).
Examples of communication networks inchude a local area network (“LAN"), a wide
arca network ("WAN), and the Internet.

The computing system can include clients and servers. A client and server are
generally remote from each other and typically interact through a communication
network, The relationship of client and server arises by virtue of computer programs
running on the respective computers and having a client-server relationship to cach
other.

in some embodiments, computer based identification of potential TALE-

activator binding sites is performed as shown in Figure 4. In some embodiments, the
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identification includes a comparison of a user-inputted query that includes a target
sequence with records related to hyperseusitive regions stored in a database. A
computer system causes a user device to display a user interface that includes a user
input mechanism for receiving information velated to a target gene (101). A target
sequence of mterest, preferably a target sequence that is part of or comprises a
regulatory region, e.g., a promoter, of a target gene, is provided by a user, e.g., by
entry intte a query box, to a computer processor programmed to perform the present
methods. Regulatory regions can be identified using methods known in the art, e.g.,
from a database, or from empirical studics. The system recetves the user-input query
(102) (and optionally formats the query) and uses the query to select one or more
records from a database. In some embodiments, the processor will wdentify DNase 1
hypersensitive regions within the target sequence based on comparison to records
stored in one or more databases accessible by the computer systern. In some
alternative embodiments, the user will provide a target sequence already known to be
in a DNase T hypersensitive region, In some embodiments, DNase T hypersensitive
regions can be identified empirically, and the sequences entered into the computer.

Onee a DNase 1 hypersensitive region has been identified, the processor will
then identify potential TALE-activator binding sites within that region based on the
guidelines set forth herein, i.c., TALE-activator binding sites composed of 16.5 to
22.5 repeats that bind to sites 18 — 24 bp i length (103}, Tu sorse erabodiments, users
can change this length constraint, ¢.g., by entering a new value in a length input box.
The modification of the length constraint input by the user can be received by the
conputer system as part of the original query definition or as a method to further filter
a set of results provided based on a prior scarch. The studies of this report suggest
that only TAL effector repeat arrays composed of 16.5 to 22.5 repeats (that bind to
sites 18 ~ 24 bps in length) should be made to ensure robust activity of TALE-
activators. The processor will then select one or more sequence of potential TALE-
activator binding sites {104} and provide sequences of the identified potential TALE-
activator binding sties to the user, ¢.g., by display on a screcu, storage on a computer
readable medium, or by inclusion in a message such as an email (105).

In some cmbodiments, the computer system is associated with a database that
includes information required to generate a TALE-activator. Upon identification of a
TALE-activator binding site, the software may access the additional stored

information and provide users with access to the further information required to
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generate a TALE-activator, e.g., using FLASH or REAL/REAL-Fast. For example,
in some embodiments, depending on the mode of assembly chosen (FLASH or
REAL/REAL-Fast), the computer system will provide users with information about
the names of plasmids required for assembly, and optionally a printable graphical
guide. All plasmids required to practice REAL are available through the non-profit
plasmid distribution service Addgene (addgene.org/talengineering/). The archive of
376 plasmids required to practice FLASH and REAL-Fast are also available
{TALcugineering.org).

FIG. 5 shows an example of 8 generic computer device 900 and a generic
mobile computing device 950, which may be used with technigues described here,
Computing device 900 1s intended to represent various forms of digital computers,
such as laptops, desktops, workstations, personal digital assistants, servers, blade
servers, mainframes, and other appropriate computers. Computing device 950 is
intended to represent various forms of mobile devices, such as personal digital
assistants, cellular telephones, smartphones, and other similar computing devices,
The components shown here, their connections and relationships, and their functions,
are meant to be exemplary only, and are not meant to limit described and/or claimed
implementations.

Computing device 900 includes a processor 902, memory 904, a storage
device 306, a high-speed 1uterface 908 connecting to miemory 904 and high-speed
expansion ports 910, and a low speed interface 912 connecting to low speed bus 914
and storage device 906, Each of the components 902, 304, 906, 908, 910, and 912,
are interconnected using various busses, and may be mounted on a common
motherboard or in other manners as appropriate. The processor 902 can process
imstructions for execution withio the computing device 904, inclading instructions
stored in the memory 904 or on the storage device 906 to display graphical
nformation for a GUT on an external input/ouiput device, such as display 916 coupled
to high speed interface 908. In other implementations, multiple processors and/or
multiple buses may be used, as appropriate, along with multiple memories and types
of memory. Also, multiple computing devices 900 may be connected, with cach
device providing portions of the necessary operations (¢.g., as a scrver bank, a group
of blade servers, or a multi-processor systen ).

The memory 904 stores information within the computing device 900. In onc

iroplementation, the wemory 904 is a volatile memory unit or units. In another
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implementation, the memory 904 is a non-volatile memory unit or units. The memory
804 may also be another form of computer-readable medium, such as a magnetic or
optical disk.

The storage device 306 is capable of providing mass storage for the computing
device 900, In one implementation, the storage device 906 may be or contain a
computer-readable medium, such as a foppy disk device, a hard disk device, an
optical disk device, or a tape device, a flash memory or other similar solid state
memory device, or an array of devices, mchuding devices in a storage area network or
other configurations. A computer program product can be tangibly embodied in an
information carricr, The computer program product may also contain instructions
that, when execuled, perform one or more methods, such as those described above.
The information carrier is a computer- or machine-readable medium, such as the
memory 904, the storage device 906, memory on processor 902, or a propagated
signal.

The high speed controlier 908 manages bandwidth-iniensive operations for the
computing device 900, while the low speed controller 912 manages lower bandwidth-
intensive operations, Such allocation of functions is exemplary only. In one
implementation, the high-speed controlier 908 is coupled to memory 904, display 916
{e.g., through a graphics processor or accelerator}, and to high-speed expansion ports
810, which may accept various expansion cards (not shown). In the implementation,
low-speed controller 912 is coupled to storage device %06 and low-speed expansion
port 914, The low-speed expansion port, which may include various communication
ports {e.g., USB, Bluetooth, Ethernet, wireless Ethernet) may be coupled to one or
more mput/output dovices, such as a keyboard, a pomnting device, a scanner, or a
networking device such as a switch or router, ¢.g., through a network adapter.

The computing device 900 may be implemented in a number of different
forms, as shown in the figure. For example, it may be implemented as a standard
server 920, or multiple times in a group of such servers. It may also be implemented
as part of a rack server systermn 924, To addition, it may be implernented in a personal
computer such as a laptop computer 922, Alternatively, components from computing
device 900 may be combined with other components in a mobile device (not shown),
such as device 950. Each of such devices may contain one or more of computing
device 900, 950, and an entire system may be made up of multiple computing devices

900, 950 communicating with each other.
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Computing device 950 includes a processor 952, memory 964, an input/output
device such as a display 954, a communication interface 966, and a fransceiver 568,
among other components. The device 950 may also be provided with a storage
device, such as a microdrive or other device, to provide additional storage. Each of
the components 950, 952, 964, 954, 966, and 968, are interconnected using various
buses, and several of the components may be mounted on a comruon motherboard or
in other manners as appropriate.

The processor 952 can execute instructions within the computing device 950,
including instructions stored in the memory 964, The processor may be implemented
as a chipset of chips that include separate and multiple analog and digital processors,
The processor may provide, for example, for coordination of the other comiponents of
the device 950, such as control of user interfaces, applications run by device 950, and
wircless communication by device 950,

Processor 952 may communicate with a user through conirol interface 958 and
display interface 956 coupled to a display 954, The display 954 may be, for example,
a TFT LCD (Thin-Film-Transistor Liquid Crystal Display} or an OLED (Organic
Light Enitting Diode) display, or other appropriate display technology, The display
interface 956 may comprise appropriate circuitry for driving the display 954 to
present graphical and other information to a user. The control interface 958 may
recetve commands from a user and convert ther for subrssion to the processor 952.
In addition, an external interface 962 may be provided in communication with
processor 952, so as to enable near area communication of device 950 with other
devices. External interface 962 may provide, for example, for wired communication
in some implementations, or for wireless communication in other implementations,
and multiple interfaces ray also be used.

The memory 964 stores information within the computing device 950. The
memory 964 can be umplemented as one or more of a computer-readable medium or
media, a volatile memory unit or units, or a non-volatile memory unit or units.
Expansion memory 974 may also be provided and connected to device 950 through
expansion interface 972, which may include, for example, a SIMM {Singie In Line
Memory Module) card interface. Such expansion memory 974 may provide extra
storage space for device 950, or may also store applications or other information for
device 950, Specifically, expansion memory 974 may include instructions to carry

out or supplement the processes described above, and may include secure information
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also. Thus, for example, cxpansion memory 974 may be provided as a security
module for device 950, and may be programmed with instructions that permit secure
use of device 950. In addition, secure applications may be provided via the SIMM
cards, along with additional information, such as placing identifying information on
the SIMM card in a non-hackable manner.

The memory may nclade, for example, flash merory and/or NVRAM
memaory, as discussed below. In one implementation, a computer program product is
tangibly embodied m an mformation carrier. The computer program product contains
instructions that, when executed, perform one or more methods, such as those
described above, The information carrier is a computer- or machine-readable
mediur, such as the memory 964, expansion memory 974, memory on processor 952,
or a propagated signal that may be received, for example, over transceiver 968 or
external interface 962,

Device 950 may comnmunicate wirelessly through communication interface
966, which may mclude digital signal processing circuitry where necessary.
Communication interface 966 may provide for communications under various modes
or protocols, such as GEM voice calls, SMS, EMS, or MMS megsaging, CDMA,,
TOMA, PBC, WCDMA, CDMA2000, or GPRS, among others. Such communication
may occur, for example, through radio-frequency transceiver 968, In addition, short-
range comimunication may occur, such as using a Bluctooth, WiF1, or other such
transceiver (not shown). In addition, GPS (Global Positioning System) receiver
module 970 may provide additional navigation- and location-related wireless data to
device 950, which may be used as appropriate by applications running on device 950,

Device 950 may also communicate audibly using audio codec 960, which may
receive spoken information from a user and counvert it to usable digital information.
Audio codec 960 may likewise generate audible sound for a user, such as through a
speaker, €.g., 1u a havdset of device 350, Such sound may include sound from voice
telephone calls, may include recorded sound (e.g., voice messages, music files, etc.)
and may also include sound generated by applications operating on device 950,

The computing device 950 may be implemented in a number of different
forms, as shown in the figure. For cxample, it may be implemented as a cellular
telephone 986. It may also be implemented as part of a smartphone 982, personal

digital assistant, or other similar mobile device.
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In addition to the steps described herein and shown 1n the figures, other steps
may be provided, or steps may be eliminated, from the described flows, and other
components may be added to, or removed from, the described systems. Accordingly,

other erabodiments are within the scope of the present wnvention,

Methods for Optimizing Expression Levels of Target Genes

At least three sources of variation oxist in the various TALE-activator
architectures described to date: (1) variability within TAL effector repeats of amino
acids present at positions other than the hypervariable residues, (2} differences in the
length and composition of the TAL effector-derived sequences that flank the TAL
effector repeat array, and (3) the choice of activation domain used {e.g., VP16 or
VP64). Boch and colleagues have recently presented data suggesting that variation in
the amino acids at non-hypervariable repeat positions can affect binding activity
{Streubel, 1., ot al. Nat Biotechnol 30, 593-595 (2012)). Various reports have also
shown that differences in the length of TAL effector-derived sequences flanking the
TAL effector repeat array can mfluence activities of TALE-activators (Miller, 1.C. et
al. Nat Biotechnol 29, 143-148 (201 1); Zhang, F. ot al. Nat Biotechnol 29, 149-153
(201 1}); Mussolino, C. et al. Nucleic Acids Res 39, 9283-9293 (2011)).

Described herein are a number of different approaches that can be used to
fine-tune the level of gene expression induced by TALE-activators, an important
capability that will broaden the range of applications for this technology.

First, varying the position of TALE-activator binding {(even within a single
PNase | hypersensitive site) can lead to differences in the level of activation
observed. Although it is currently not possible to predict the level of activation
induced from any given site, the high success rate and ease with which TALE-
activators can be constructed using the present methods make it straightforward for
one of skill in the art to produce a pancl of TALE-activators of differing activities,
and empirically identify activators that induce desired levels of expression.

Secound, choosing DNA-binding domains composed of 16.510 225 TALE
repeats as described herein is predicted to result in more highly active TALE
activators.

Third, varying the activation domain can affect the level of gens expression

mduced by a TALE-activator. For example, in the two cell lines oxamined herein,
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VP64 TALE-activators generally induced higher levels of gene expression than
matched counterparts bearing a p65 activation domain.

Finally, using combinations of TALE-activators can function synergistically to
activate a target geoe. Thas different combinations of TALE-activalors can be tested
to find the desired level of gene expression; in addition, these combinations can be
used to make target genes responsive to multiple inpuis, enabling synthetic biology
applications in which artificial circuits interface with endogenous genes. In some
embodiments, pairs {(or more) of TALE activators that all target the same gene, but
bind to different places in the regulatory region of the gene, arc used. In some
emnbodiments, all of the TALE activators have different transactivation domains, ¢.g.,
combinations of VP04 and p65 TALE-activalors; in some embodiments, all of the
TALE activators have the same transactivation domain, e.g., all either VP64 or p65

dorpains.

Methods for Regulating Expression of Non-Coding Genes

The present data demonstrate that TALE-activators can be used to regulate
expression of a miRNA cluster, and thus might also be used to mmcrcase cxpression of
other classes of non-coding genes such as lincRNAs, snoRNAs or piRNAs. Therefore
in some cmbodiments the methods include selecting TALE-activator binding sites that

are within regulatory regions of non-coding genes,

EXAMPLES
The invention is further described in the following examples, which do not

limit the scope of the invention described in the claims.

Methods

The following methods were used in the experiments deseribed i the
Examples below.

Selection of TALE-activator binding sites. For the human VEGF-A gene,
target sites were chosen that fall within DNase 1 hypersensitive sites previously
described for 293 cells (Liu, P.G. et al. I Biol Chem 276, 11323-11334 (2060613, For
the NTF3 and miR-302/367 cluster genes, target sites were chosen within DNase [
hypersensitive regions identitied from University of Washington ENCODE data using
the UCSC genome browser {genome.ucse.edw; Rosenbloom, K.R. et al. Nucleic Acids

Res 40, D912-917 (2012)); these regions were targeted because they have been
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identified as DNase I hypersensitive sites in multiple different cell types and therefore
it was reasoned that these areas had a high probability of being n open chromatin,

Censtruction of TALE Activators. DNA fragments encoding TAL effector
repeat arrays were generated using the Fast Ligation-based Automatable High-
throughput Assembly (FLASH) method as previcusly described (Reyon et al,, 2012,
and PCT/US2012/046451). These fragments were cloned using overhangs generated
by digestion with BsmBI restriction enzyme into expression vectors containing an
EFle promoter and the A152 N-terminal and +95 C-termunal TALE-denived domains
from the previously described TALE-activator NT-L+95 = NF-KB p65 and VP64
activation domains were fused directly to the C-terminal end of the +95 domain and
all fuston proteins harbor a naclear localization signal,

Cell Culture and Transfection. Human Flp-In T-REx 293 cells and primary
hursan BJ fibroblasts were maintained in Advanced DMEM supplemented with 10%
FBS, 1% penicillin-streptomyein and 1% Glutamax {Life Technologies)., Cells were
transfected using either Lipofectamine LTX (Life Technologies) or Nucleofection
{(Lonza}) according to manufacturer’s instructions. Briefly, for experiments targeting
VEGF-A and NTF3 expression, 160,000 Flp-In T-REx 293 cells were seeded in 24-
well plates and transfected the following day with 300 ng of plasmid encoding TALE-
activator, 30 ng of pmaxGFP plasmid (Lonza}, 0.5 ul Plus Reagent and 1.65 pl
Lipofectamine LTX. For experimaents targeting miR-302/367 cluster expression,
5x10° BJ fibroblasts were Nucleofected with 10 ug of plasmid encoding TALE-
activator and 500 ng of pmaxGFP plasmid using the NHDF kit (Lonza) and program
U-023 on the Nucleofector 2b device.

ELISA Assays. Flp-In TREx 293 cells were transtocted with plasmids
encoding TALE-activators targeted to the human VEGF-4 gene, All transfections
were performed in triplicate. Cell media was harvested 46 hours after transfection
and secreted VEGF-A protein levels in the roedia were assayed using a Human
VEGF-A ELISA kit (R&D Systems). All samples were measured according to the
manufacturer’s instructions, Fold-activation values were calculated by dividing mean
VEGEF-A fevels from media harvested from celis transfected with plasmids expressing
TALE-activators by mean VEGF-A levels from cells transfected with plasmid
expressing only the VP64 or p65 activation domain.

Quantitative RT-PCR assays. To measure N7F3 mRNA levels, cells were

harvested 2 days post-transfection aund total RNA was isolated using the TRIzol Plus
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RNA purification system (Ambion). RNA was reverse transcribed using SuperScript
HI First-Strand Synthesis SuperMix and oligo-dT primer (Life Technologies). gPCR
was then performed using the following Tagman primer/probe sets, as previously
described® except with the modification that the GAPDH probe was labeled with HEX
to allow for multiplexing - N'TF3 forward primer: 57«
GATAAACACTCGGAACTUTCAGTGCAA-Y (SEQ ID NO:52): NTF3 reverse
primer: $"-GCCAGCCCACGAGTTTATTOT-3" (SEQ 1D NO:53); NTF3 tagman
probe: 5°-/56-
FAM/CAAACCTAC/ZEN/GTCCGAGCACTGACTTCAGA/IABKFQ/-3” (SEQ 1D
NO:54); GAPDH forward priraer: S-CCATGTTCGTCATGGGTGTGA-3” (SEQ ID
NO:5S), GAPDH reverse primer: 5 -CATGGACTGTGGTCATGAGT-3 (SEQ ID
NQ:56); GAPDH tagman probe: 57~

SHEX/TCCTGCACC/ZEN/ ACCAACTGCTTAGC A/ 3IABKFQ/-37 (SEQ 1D
NO:57) All TALE-activator-encoding plasmids and control plasmids were
mniroduced into cells by Nucleotoction in triplicate and qRT-PCR was performed in
triplicate on each sample.

To measure miR-302a transcript levels, cells were harvesied 3 days post-
transfection and GFP-positive cells were isolated by flow cytometry. Total miRNA
was isolated using the mirVana miRNA Isolation Kit (Ambion}. Reverse
transeription and gPCR were performed according to mamufacturer’s mstructions
using Applied Biosystems Tagman microRNA Assays {cat. #300529 for has-miR-
302a and cat. #001006 for RNU4R control). Fold-activation of miR-302a RNA
transcripts was calculated by comparing transcript levels from BJ fibroblasts
transfected with plasmids encoding TALE-activators to transcript levels from BJ
{ibroblasts transfected with control plasmids expressing only the VP64 or p6S
activation domains and using the comparative Crp (AACt) method, AH TALE-
activators and controls were introduced into cells by Nucleofection in triplicate and
gRT-PCR for miR302a transcript and small RNA control RNVU48 were performed in

triplicate on each sample.

Example |
In initial experiments, a systematic and large-scale study aimed at defining the
nummber of TAL effector repeats needed for optimal TALE-activator {unction was

performoed, A stugle consistent architecture based on one previously used by Rebar
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and colleagues to build a highly active TALE-activator (Miller, J.C. et al. Nat
Biotechnoi 29, 143-148 (201 1)} (Figure 1(), but that harbors a VP64 activation
domain, was utilized. Using the recently described Fast Ligation-based Automatable
Solid-phase High~throughput (FLASH) assembly method (Reyon, D. et al. Nat
Biotechnol 30, 46(-465 (2012) and PCT/US2012/046451), scts of six variable-length
TALE-activators (harboring arvays of 14.5, 16.5, 18.5,20.5, 22,5, or 245 TAL
effector repeats) were constructed for nine different target regions within the human
VEGF-A gene (a total of 54 TALE-activators), To minimize the effects of potentially
obstructive chromatin on our experiment, the nine regions chosen all lie withina
single DNase I hypersensitive region located ~500 bp dowastream of the VEGF-4
trauscription startpoint {Figure 1a). Sirikingly, 53 out of the 54 TALE-activators
tested induced significant increases in VEGF-A protein expression in cultured human
cells ranging from 5.3- to 114-fold (average of 44.3-fold activation} (Figure 1b).
Interestingly, for each of the nine target regions, either the 14.5 repeat and/or 24.5
repeat TALE-activators showed signiticantly lower fold-activation of VEGF-A than
the other proteins harboring 16.5 1o 22.5 repeats (Figure 1b). These data suggest that
the DNA-binding activitics of monomeric TALE-activators can be optimized by
ensuring that they contain at least 16.5, but no more than 22.5, repeats.

The data on the activities of the 34 VEGF-4-targeted TALE-activators was
used to test the woportance of following five computationaliy-derived guidelines for
target site choice (Doyle, E.L. et al. Nucleic Acids Res 40, W117-122 (2012}), Al 54
sites targeted failed to meet one or more of these five guidelines with 49 of the 54
sites actually violating two or more gutdelines (note that all of the sites did meet the
guideline requiring a 57 T) {Table 3}, The ability of 53 of the 54 activators tested to
increase VEGFE-A expression by five-fold or more clearly demoustrates that there is
no absolute requirement to follow at least four of the five design guidelines, Whether
a relationship might exist between the total number of guideline violations and the
level of TALE-activator activity observed was examined, but no significant
correlation was found (p = 0.5428; Figure 2D). Instead, the level of fold-activation
induced appeared to be largely locus-associated — that is, TALE-activators of variable
lengths targeted to one of the nine loci, regardless of the number of guideline
violatious, tend to show similar levels of fold-activation (Figure 2E). Thus highly
active monomeric TALE-activators can be made without meeting four of the five

design guidelines. The ability o relax these restrictions improved the targeting range
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of TALE-activators by more than ten-fold — for example, enabling proteins consisting

of 16.5 TAL effector repeats to be made for a site once in every two bps of random

DNA sequence.
VEGF1 TCGGGAGGCRCAGCEGTT 58. X :
VEGF2 TTEEGGCAGCCEEETAGC 58, X XX 3
VEGES TGCAGGGCGTCCGGELTO 60, XX 2
VEGF4 TGAGTGACCTGCTTTTEGEG 81. XXX 3
VEGFS TCGAGTCAGTGTGTGCCGTET 62. X X 2
VEGFG TCACTCCAGGATTCCAATA 63. XiX 2
Nt3-1 TTCTGTTCACGGGACTCA 64, X X 2
MNtf3-2 TCCGAACAGCTCCGLGCA g5, X 1
Mtf3-3 TTCCCCTGCTGGETAGTS 86, X XX 3
Ntf3-4 TACGCCTCAGACCTGATC &7. X 1
Ntf3-5 TCCCTCAATCTGGGAAAG 68, X 1
mik TGGAAGCAATCTATTTAT 68, 0
miRk2 TACATTTAACATGTAGAT 708. 0
miR3 TAGAAACACAATGCCTTT 71. 0
miR4 TGGGAGCACTCATTGTTA 72 XiX 2
miR5 TAATCTATGCCATCAAAC 73 XX 2
VEGF1-1 TTGGGGGTGACCGCCG 74, X KX 3
VEGF1-2 TTGGGGGTCGACCGOCGGA 75, X XX 3
VEGF1-3 TTGGGGETGACCGCCGGAGC 78. X XX 3
VEGF1-4 TTGGGGGTGACCGCCEGAGLGO 77. X XX 3
VEGF1-5 | TTGGGGGTGACCGULGGAGCGUGG | 78, X X1 X 3
VEGFE1-6 TTGGGGGTGACC%CCGGAGCGCGGC 79 X % | x 3
VEGF2-1 TCCCGCAGCTGACCAG 80. XX 2
VEGF2-2 TCCCGCAGCTGACCAGTC 81, X 1
VEGF2-3 TCCCGCAGCTGACCAGTCGEC 82, XX 2
VEGF2-4 TCCCGCAGCTGACCAGTCGCGC 83. X1 X 2
VEGF2-5 TCCOCGCAGCTCACCAGTCGLGCTG 84, X1 X 2
VEGF2-6 | TCCCGCAGCTGACCAGTCGCGCTGAL | 85, XiX 2
VEGF3-1 TACCACCTCCTCCCOG 86. XX 2
VEGEF3-2 TACCACCTCCTCCCOGGO 87. XX 2
VEGF3-3 TACCACCTCCTCCOCGGCCG 88, KX 2
VEGF3-4 TACCACCTCCTCCOCCGGCCGED 859, X 1
VEGF3-5 TACCACCTCCTCCOCGGLCHEOGE Gl XX 2
VEGF3-6 TACCACCTCCTCC{?CGGCCGGCGGC o1 x| x 5
VEGF4-1 TCCCCGGCLEECEECE 2. XX 2
VEGF4-2 TCCCCGEOCGGLGGLGGA 93, XX 2
VEGF4-3 TCOCCCEGECCGGUGGUGGACA 4. XX 2
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VEGF4-5 | TCCCCGGOCGGCGGLEGACAGTGEG XX 2
VEGF4-8 T\JCCCGGCCGGCSGCEGACAGTGGA a7 x| 5
VEGFSL-1 TGGACGCGGCGGUGAG 98, XX 2
VEGFS-2 TGGACGCGGCGGLGAGCC 88, X {X 2
VEGFS-3 TGGACGCGGCGGCGAGCCGO 100, X{X 2
VEGES-4 TGGACGCGGCGGELEAGCCELGE 101, XX 2
VEGES-5 | TGGACGCOGGUGHGCGAGCCGLGGEL | 102, XX 2
VEGFE-S TGGACGCGGCGG?GAGCCGCGGGCA 103, ¥ | x 5
2
VEGFS-1 TCCCAAGGGGGAGGGC 104, X{X 2
VEGFG6-2 TCCCAAGGGGGAGGGCTC 105, X{X 2
VEGF6-3 TCCCAAGGGGGAGGGLTCAC 106, XX 2
VEGF6-4 TCCCAAGGGOGAGGGCTCACGC 107, XX 2
VEGFB-5 | TCCCAAGGGGGAGGGCTCACECCG | 108, XX 2
VEGES-6 TLLCAAGGGGGA(SGGQTLACGLL@C 169, % 1x 5
VEGF7-1 TCCGTCAGCGLGACTG 110. XX 2
VEGF7-2 TCCGTCAGCGCGACTEGET 111. X 1
VEGF7-3 TCOGTCAGCGCGACTGGTCA 112. XX 2
VEGF7-4 TCCGTCAGCGCGACTGGTCAGT 113. XX 2
VEGF7-5 TCCGTCAGCGCCGACTGOGTCAGCTG 114, XX 2
VEGF7-6 | TCCOTCAGCGCGACTGGTCAGCTGCG | 115, XX 2
VEGFS-1 TCCACTGTCCGCCGCO 116. X 1
VEGFS-2 TCCACTGTCCGCCGCLEG 117. XX 2
VEGFS-3 TCCACTGTCCGLCGCCGGLO 118, X{X 2
VEGFS-4 TCCACTGTCCGLOGLCEELOGEH 118, XX 2
VEGF8-b | TCCACTGTCCGOCGCCGGCLGGGG | 120, XX 2
VEGER-6 TCCACTGTCCGC%GCCGGCCGGGGA 191, ¥ | x >
VEGFS-1 TCCACCCCGOCTCCGE 122 XX 2
VEGFS-2 TCCACCCCGCCTCCGGEO 123, KX 2
VEGFS-3 TCCACCCCGCCTCCGGGCE0 124, ALK 2
VEGF@-4 TCCACCCCGCCTCCEGGCEOGE 1258, XX 2
VEGFS-6 | TCCACCCCGCCTCCGGGCGUGGEE | 126, XX 2
VEGFS-6 TCCACCCCGuCTE@GbGC(JCGGGQT 197, %1% 5

Having defined optimur repeat array lengths and relaxed criteria for choosing

target sequences, whether TALE-activators made using these parameters would
etficiently regulate cxpression of both protein-coding and miRNA genes in human
cells was tested. For these experiments, FLASH was used to construct VP64 TALE-

activators composed of 16.5 or 17.5 TAL effector repeats to six additional sites in the

human VEGF-A gene prorooter, to five sites 1o the human NTE3 gene promoter, and
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to five sites in the miR-302/367 cluster promoter. To minimize the potential
confounding effects of obstructive chromatin, all 16 sites targeted were again chosen
based on their position within cell-type-specific or database-predicted DNase |
hypersensitivity regions (Figures 3A-B and Methods). Testing of these VP64
TALE-activators in human cells revealed that 15 of the 16 proteins induced
significant mcreases in expression of theiwr endogenous gene targets, an overall
success rate of ~94% (Figures ZA-C, lighter grey bars). Notably, five of six TALE-
activators targeted to VEGEF-A and four of five activators targeted to the miR-302/367
cluster increased expression of their target genes by five-fold or more in human
transformed 293 and primary Bl fibroblasts, respectively (Figure 2a and 2b).
Because NTF3 wRNA 18 expressed at an essentially undetectable level n the 293
colls used for our experiments, it was not possible to reliably quantify fold-activation
values for proteius targeted to this gene, but even the weakest activator induced an
approximately 1000-fold increase in expression (Figure 2¢}. Interestingly,
replacement of VP64 with the NF-KB p65 activation domain led to decreased
activation for all 15 functional activators (Figure 2A-C, darker grey bars). These
results demonstrate that VP64 TALE-activators composed of 16.5 to 17.5 repeats can
robustly activate expression of endogenous human genes (including non-coding
miRINA genes) without the need to follow restrictive targeting guidelines and that
VPo4 TALE-activators generally have stronger stinlatory etfects than NF-KB p65
TALE-activators.

Boecause the present platform provides the capability to robustly generate
nudtiple highly active TALE-activators for essentially any gene, the next experiments
were performed to determine whether these proteins could also function
synergistically, Activators are said to function synergistically if the fold-activation
observed in the presence of multiple proteins is higher than the additive effects of the
individual proteins, Naturally occurring activators in eukaryotes function
synergistically (Carey, M. et al. Nature 345, 361-364 (1990)) and exploit this property
to enable both combinatorial and graded control of transcription. To test whether
TALE-activators might also behave synergistically, combinations of five VP64 or five
p65 TALE-activators were tested on activation of the miR-302/267 cluster and the
NTF3 gene. For all combinations tested, the expression of multiple activators led to
substantially elevated transcription of the miR-302/367 and NTF3 genes (Figure 2b

and Ze). Synergistic activation was observed with VP64 and p6S5 activators on the
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miR-302/367 cluster (Figure 2b) and with p63 activators on the N7F3 gene (Figure

Z¢). Thus, both VP64 and p6S5 TALE-activators can function synergistically to

increase expression of endogenous human genes and this mechanism can be used to

induce even greater levels of activation than can be achieved with individual

activators.
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OTHER EMBODIMENTS

Ht is to be understood that while the invention has been described in

conjunction with the detatled description thereof, the foregoing description is mtended

to llustrate and not Himit the scope of the invention, which is defined by the scope of

the appended claims. Other aspects, advantages, and modifications arc within the

scope of the tollowing claims,
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WHAT IS CLAIMED i5:

1. A method of identifying 2 candidate Xanthomonas-derived transcription activator-

like effector {TALE} activator binding site, the wethod comprising:
selecting a target gene;
identifying one or more subsequences of the target gene sequence, wherein:

the subscquence is within a regulatory region of the target gene;

the subsequence 1s within a DNase T hypersensitive region of the regulatory
region of the target gene,

the subsequence is 18-24 nucleotides long; and

optionally, the first (57) nucleotide in the subsequence is a thymine; and
selecting the one or more subsequences as candidate TALE-activator binding

sites,

2. A method of making a TALE-~activator that increases trauscription of a target
gene, the method comprising:
sclecting a target gene;
identifying one or more subsequences of the target gene sequence, wherein:
the subscquence is within a regulatory region of the target gene;
the subsequence is within a DNase | hypersensitive region of the regulatory
region of the target gene;
the subsequence is 18-24 nuclectides long, preferably 18 nucleotides long; and
optionally, the first (57) nucleotide in the subsequence is a thymine;
selecting a subsequence; and
generating a fusion protein comprising:
an engineered DNA-binding domain that comprises an engineered transcription
activator-like effector (TALE) repeat array and that binds specifically to the
selected subsequence, and
a transactivation domain comprising a sequence that increases transcription of
a target gene;

thereby making a TALE-activator that increases transcription of the target gene,

(2

The method of claim 2, wherein the TALE repeat array is 16.5 1o 22,5 repeats.,
P 3 P
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4. The method of claim 2, wherein the transactivation domain comprises a VP16,

VP64 or NF-KB p65 domain, preferably VP64,

5. A computer-implemented method performed by one or more processing devices,

the method comprising:
providing information to cause a user device to display a user interface that
includes a user input mechanism for receiving information related to a target gone;
receiving, from the user device, a sclected target gene;
identifying, by one or more computers, one or more subsequences of the target
gene sequence, wherein:

the subsequence is within a regulatory region of the target gene;

the subsequence is within a DNase { hypersensitive region of the regulatory
region of the target geue,

the subsequence is 18-24 nucleotides long; and

optionally, the first (57) nucleotide in the subsequence is a thymine; and
selecting the one or more subsequences; and
providing information to cause the user device to display at least some of the

selected one or more subsequences.

6. A method of increasing transcription of a target sequence in a cell, the method
comprising contacting the cell with a TALE-activator made by the method of any

of ¢lairns 3-5.

7. A method of increasing transcription of a target sequence in a cell, the method
comprising contacting the cell with two or more TALE-activators made by the

method of any of claims 3-5.

8. The method of claim 7, wherein at least one of the two or more TALE-activators
comprises VP64, and at least oue of the two or more TALE-activators comprises

WF-KB p65 domain.

9. The method of any of claims 1-5, wherein the target gene is a coding or non-

coding gene.

10. The method of claim 9, wherein the non-coding gene 1s 4 nulRNA.

34



WO 2014/124284 PCT/US2014/015343

11. The method of any of claims 1-3, wherein the regulatory region of the target gene,

is & promoter region.
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