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Multiplexed Genetic Reporter Assays and Compositions

Cross Reference to Related Application
This application claims priority to U.S. Provisional Application No. 61/482,419 filed

May 4, 2011, which is incorporated by reference in its entirety.

Background of the Invention

This invention relates to compositions and methods for assaying the biological activities
of large numbers of nucleic acid regulatory elements.

Gene expression programs that drive development, differentiation, and many
physiological processes are in large part encoded by DNA and RNA sequence elements that
recruit regulatory proteins and their co-factors to specific genomic loci or genes under specific
conditions. Despite significant research efforts, the relationship between the nucleic acid
sequence and the function of these regulatory elements, such as cis-regulatory elements, remains
poorly understood. While the discovery of the genetic code has allowed interpretation of
protein-coding sequences with relative ease, no analogous regulatory code has been described.
This limited understanding of cis-regulatory elements is an impediment to a variety of fields,
including synthetic biology, medical genetics, and evolutionary biology.

Many applications of synthetic biology, including construction of (i) reporter systems for
use in high-throughput drug screening, (ii) cell type-specific vectors for use in gene therapy, and
(ii1) metabolic pathways for bioproduction, require establishing tight control over the expression
of one or more genes within a complex biological system. Our ability to engineer genetic
regulatory systems that can provide such control is predicated on improving our understanding
of the cis-regulatory code and on development of efficient methods for testing prototype
regulatory elements.

Recent advances in genotyping and DNA sequencing technologies have led to a
revolution in research on genetic factors that influence health and disease. Over the past few
years, the number of published, reproducible associations between genetic variants that segregate
in the human population and disease-relevant traits has increased from a handful to over one
thousand. Due to linkage disequilibrium and other confounding factors, the genetic variants that
actually cause the traits are not necessarily those identified by the association studies. A
strikingly common observation, however, is that many of the yet-to-be-found causal variants are

thought to be located in cis-regulatory elements. Translating the results of genome-wide
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association and re-sequencing studies into biomedical insights will therefore require improved
methods for recognizing genetic variants that can influence the function of cis-regulatory
elements.

Comparative studies of animal genomes, both between closely related species, such as
humans and great apes, and distantly related species such as placental mammals and birds, have
consistently found that functional non-coding sequences evolve and turn over at significantly
faster rates than protein-coding sequences. Much of the evolution of diversity in the animal
kingdom, particularly morphological diversity, is therefore thought to have been driven by
changes in gene regulation. Understanding the genetic basis of this evolution and tracing the
evolutionary history of our own species is therefore predicated on understanding how mutations
in cis-regulatory elements translate into changes in developmental gene expression patterns.

Clearly, new approaches to elucidate the relationship between DNA sequences and the
function of cis-regulatory elements are needed. The present application provides such

approaches.

Summary of the Invention

In one aspect, the invention features a plurality of expression vectors where each of the
expression vectors includes: a nucleic acid regulatory element, an open reading frame, and an
identifying nucleic acid tag; the open reading frame (e.g., an open reading frame encoding a
fluorescent protein or a luciferase) of each of the plurality of expression vectors is identical; the
plurality of expression vectors include a plurality of distinct nucleic acid regulatory elements;
and each of the identifying tags is paired with a corresponding nucleic acid regulatory element.
The nucleic acid regulatory element is, for example, located upstream, downstream, or within the
open reading frame.

In another aspect, the invention features a population of cells including expression
vectors which include: a nucleic acid regulatory element, an open reading frame, and an
identifying nucleic acid tag; where the open reading frame (e.g., an open reading frame encoding
a fluorescent protein or a luciferase) of each of the plurality of expression vectors is identical;
the plurality of expression vectors include a plurality of distinct nucleic acid regulatory elements;
and each of the identifying nucleic acid tags is paired with a corresponding nucleic acid
regulatory element. The nucleic acid regulatory element is, for example, located upstream of the
open reading frame.

In any of the foregoing aspects, each identifying tag may include a sequence that is

unique over a stretch of at least ten nucleotides as compared to the remaining nucleic acid tags
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and/or be at least ten nucleotides in length. Furthermore, each distinct nucleic acid regulatory
element may correspond to one, two, or more nucleic acid tags.

In any of the foregoing aspects, the expression vector may also include an identical
stretch of nucleotides (e.g., a transcriptional terminator or poly-adenylation signal, which may
include the DNA sequences AATAAA or ATTAAA) located 3’ to the identifying nucleic acid
tag.

In any of the foregoing aspects, each distinct regulatory element may be a variant of a
single regulatory element and/or each distinct regulatory element may differ from the remaining
distinct regulatory elements by a single nucleotide substitution, deletion, or insertion. For
example, among the distinct regulatory elements may be regulatory elements including at least
one nucleotide substitutions of every nucleotide of the single regulatory element. Alternatively
(or additionally), each distinct regulatory element may differ from the remaining distinct
regulatory elements by two or more single nucleotide substitutions, deletions, insertions, or
combinations thereof.

In another aspect, the invention features a method of determining individual activities of
a plurality of nucleic acid regulatory elements by introducing any of the foregoing plurality of
expression vectors into cells. This method, in general, includes expression of the open reading
frames and the tags and the determination of this expression (e.g., by quantitatively sequencing
the nucleic acid molecules resulting from the cDNA synthesis or determining the quantity of
mRNA hybridized to nucleic acid molecules complementary to the tags). Here, the amount of
each tag detected is an indication of the activity of a corresponding nucleic acid regulatory
element. This method may also include isolating mRNA (e.g., by poly-A isolation) from the
cells prior to the determining the amount of the tags expressed in the cells. Furthermore, this
method may also include first strand cDNA synthesis using the isolated mRNA as a template.
Additionally, this method may include determining the amount of each tag in the plurality of
expression vectors by quantitatively sequencing the plurality of expression vectors and, e.g., by
normalizing the amount of the tags expressed in the cells against the amount of each of the tags
in the plurality of expression vectors.

Each of the foregoing methods may further include determining individual activities of a
plurality of nucleic acid regulatory elements, wherein the plurality of nucleic acid regulatory
elements includes regulatory elements that differ from the single regulatory element by one or
more transversions or transpositions of stretches of nucleic acid sequences of greater than four

nucleotides.
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In another aspect, the invention features a method of determining individual activities of
a plurality of nucleic acid regulatory elements. This method, in general, includes providing any
of the foregoing populations of cells and determining the amount of the tags expressed in the
cells; where the amount of each tag detected is an indication of the activity of a corresponding
nucleic acid regulatory element.

In another aspect, the invention features a method of determining the relative differences
of the individual activities of a plurality of nucleic acid regulatory elements between at least two
populations of cells. These populations of cells can optionally be derived from two or more
different donors or cell lines, be derived from the same population of cells at multiple time
points, or be subjected to at least two experimental perturbations. This method, in general,
includes providing any of the foregoing populations of cells and determining the amount of the
tags expressed in the cells; where the relative differences in the amounts of each tag detected in
two or more cell populations is an indication of the relative activity of a corresponding nucleic
acid regulatory element in said populations.

In another aspect, the invention features a plurality of nucleic acid constructs including a
plurality of distinct nucleic acid regulatory elements; where each of the constructs includes an
identifying nucleic acid tag, an optional restriction enzyme site, and a corresponding nucleic acid
regulatory element; and wherein the restriction enzyme site is located between the nucleic acid
regulatory element and the tag. In these constructs, the tag can be optionally included upstream
of the nucleic acid regulatory element. These constructs may also include an identical stretch of
nucleotides located 3’ to the identifying nucleic acid tag.

In another aspect, the invention features a method of determining individual activities of
a plurality of nucleic acid regulatory elements. Here the method, in general, includes providing
any of the foregoing plurality of nucleic acid constructs; inserting the nucleic acid constructs into
expression vectors, where the resulting expression vectors each include at least one of the
nucleic acid regulatory elements, at least one open reading frame, and at least one of the tags;
introducing the resulting expression vectors into cells in which the open reading frames and the
tags are expressed; and determining the amount of the tags expressed in the cells; wherein the
amount of each tag detected is an indication of the activity of a corresponding nucleic acid
regulatory element.

In another aspect, the invention features a method of identifying variants of a nucleic acid
regulatory element that have higher individual activities than said regulatory element in one or
more cell populations, or optionally higher relative differences in individual activities between

two or more cell populations. Here the method, in general, includes providing any of the
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foregoing plurality of nucleic acid constructs, optionally including one or more copies of said
regulatory element; inserting the nucleic acid constructs into expression vectors, where the
resulting expression vectors each include at least one of the nucleic acid regulatory elements, at
least one open reading frame, and at least one of the tags; introducing the resulting expression
vectors into cells in which the open reading frames and the tags are expressed; determining the
amount of the tags expressed in the cells; wherein the amount of each tag detected is an
indication of the activity of a corresponding nucleic acid regulatory element, and optionally the
relative differences in the amounts of each tag detected in two or more cell populations is an
indication of the relative activity of a corresponding nucleic acid regulatory element in said
populations; and identifying variants that have higher individual activities than said regulatory
element in one or more cell populations, or optionally higher relative differences in individual
activities between two or more cell populations, using, e.g., a statistical algorithm.

In yet another aspect, the invention features a kit for determining the individual activities
of a plurality of nucleic acid regulatory elements; the kit including an expression vector, a
restriction enzyme, a nucleic acid construct encoding an open reading frame, reaction buffers,
and a set of instructions. Such instructions describe providing any of the foregoing plurality of
nucleic acid constructs, inserting the nucleic acid constructs into the expression vector, where the
resulting expression vectors each include at least one of the regulatory elements and at least one
of the tags, and inserting the open reading frame into the expression vector. These kits may also
include instructions for introducing the resulting expression vectors into cells in which the open
reading frames and the tags are expressed; and determining the amount of the tags expressed in
the cells; where the amount of each tag detected is an indication of the activity of a
corresponding nucleic acid regulatory element. The foregoing kits may also include the cells
into which the expression vectors are introduced.

In another aspect, the invention features a kit for determining the individual activities of a
plurality of nucleic acid regulatory elements. The kit can include any of the plurality of
expression vectors described herein, reaction buffers, and instructions for introducing the
plurality of expression vectors into a population of cells and determining expression of the tags
expressed in the cells, such that the amount of each tag detected is an indication of the activity of
a corresponding nucleic acid regulatory element.

In another aspect, the invention features a kit for identifying variants of a nucleic acid
regulatory element that have higher individual activities than said regulatory element in one or
more cell populations, or optionally higher relative differences in individual activities between

two or more cell populations. The kit can include any of the plurality of expression vectors
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described herein, reaction buffers, and instructions for introducing the plurality of expression
vectors into one or more population of cells, determining expression of the tags expressed in the
cells, such that the amount of each tag detected is an indication of the activity of a corresponding
nucleic acid regulatory element, and optionally the relative differences in the amounts of each
tag detected in two or more cell populations is an indication of the relative activity of a
corresponding nucleic acid regulatory element in said populations; and identifying variants that
have higher individual activities than said regulatory element in one or more cell populations, or
optionally higher relative differences in individual activities between two or more cell
populations, using, e.g., a statistical algorithm.

In another aspect, the invention features a system for determining individual activities of
a plurality of nucleic acid regulatory elements. Such a system includes any of the foregoing
populations of cells; reagents for isolating mRNA generated in the cells; reagents for performing
first strand cDNA synthesis using the isolated mRNA as a template; and a sequencing apparatus,
where a mixture of tagged transcripts may be analyzed in the same experiment by identifying
populations of transcripts according to their tags.

In yet another aspect, the invention features a system for identifying variants of a nucleic
acid regulatory element that have higher individual activities than said regulatory element in one
or more cell populations, or optionally higher relative differences in individual activities between
two or more cell populations. Such a system includes any of the foregoing pluralities of nucleic
acid regulatory elements or populations of cells; reagents for isolating mRNA generated in the
cells; reagents for performing first strand cDNA synthesis using the isolated mRNA as a
template; and a sequencing apparatus, where a mixture of tagged transcripts may be analyzed in
the same experiment by identifying populations of transcripts according to their tags.

By “plurality of expression vectors” is meant an undivided sample that contains one or
more copies of at least two or more (e.g., 100, 500, 1000, 2000, 5000, 10000, or more) distinct
expression vectors.

By “nucleic acid regulatory element” is meant a sequence of nucleotides which operates
in part, or in whole, to regulate expression of a gene. Exemplary regulatory elements include,
without limitation, promoters or cis-regulatory elements such as enhancers, silencers, boundary
control elements, insulators, locus control regions, response elements, stabilizing elements, de-
stabilizing elements and splicing elements. Such regulatory elements are, in general, but not
without exceptions, located 5° to the coding sequence of the gene it controls, in an intron, or 3’

to the coding sequence of a gene, either in the untranslated or untranscribed region.
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By “activity of a nucleic acid regulatory element” is meant the amount of mRNA
expression of an open reading frame resulting from the nucleic acid regulatory element being
operatively connected to the open reading frame in the context of an expression vector. By
“operatively connected” is meant that the nucleic acid regulatory element is oriented in an
expression vector so as to influence the expression of the associated open reading frame.

By “nucleic acid construct” is meant an artificial (i.e., not naturally occurring) continuous
sequence of nucleotides.

By “nucleic acid tag” is meant a short sequence of nucleotides (e.g., fewer than 40, 30,
25,20, 15,13,12,11, 10,9, 8,7, 6, 5, 4 or fewer nucleotides) included in an mRNA transcript
that is unique to a particular expression vector (exclusive of the region encoding the nucleic acid
tag) and/or a short sequence of nucleotides included in a nucleic acid construct that are unique to
the nucleic acid construct (exclusive of the region encoding the nucleic acid tag).

By a tag “corresponding” to a particular nucleic acid element is meant that the tag is
included on an mRNA sequence (or cDNA derived therefrom) that was generated under the
control of the particular nucleic acid regulatory element. Because a tag “corresponds” to a
particular nucleic acid regulatory element, it is possible to determine the expression vector (and,
therefore, the nucleic acid regulatory element located on the identified expression vector) from
which the tagged mRNA (or cDNA derived therefrom) was generated.

By “expression vector” is meant a nucleic acid that includes an open reading frame and,
when introduced to a cell, contains all of the nucleic acid components necessary to allow mRNA
expression of said open reading frame. “Expression vectors” of the invention also include
elements necessary for replication and propagation of the vector in a host cell.

By “open reading frame” is meant a sequence of nucleotides that, when read in a
particular frame, do not contain any stop codons over the stretch of the open reading frame.

By “determining the amount” is meant both an absolute quantification of a particular
analyte (e.g., an mRNA sequence containing a particular tag) or a determination of the relative
abundance of a particular analyte (e.g., an amount as compared to a mRNA sequence including a
different tag). The phrase includes both direct or indirect measurements of abundance (e.g.,
individual mRNA transcripts may be quantified or the amount of amplification of an mRNA
sequence under certain conditions for a certain period of time may be used a surrogate for
individual transcript quantification) or both.

The invention described herein facilitates systematic screening, reverse engineering, and
optimization of cis-regulatory elements at high resolution and scale. The methods integrate

multiplexed DNA synthesis and sequencing technologies to generate and quantify the
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transcriptional regulatory activity of thousands of arbitrary DNA sequences in parallel in cell-
based assays. Each assay may, e.g., be prepared and performed in a single tube (or a single
experiment) and cell culture dish, making it simpler and more cost-effective than traditional
“promoter/enhancer bashing” methods.

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

detailed description, the drawings, and the claims.

Brief Description of the Drawings

Fig. 1A is a schematic showing a multiplexed reporter assay.

Fig. 1B is a schematic showing a method for constructing a library of nucleic acid
constructs containing a plurality of nucleic acid regulatory elements.

Fig. 1C is a schematic showing a multiplexed reporter assay.

Fig. 2 is a schematic showing a strategy for reverse engineering cis-regulatory elements.

Fig. 3 is a series of graphs showing enhancer activity relative to “wild-type” of mFabp4
enhancers containing point mutations at each position along the 185 bp mFabp4 enhancer
sequence as indicated.

Fig. 4 is a graph showing enhancer activity relative to “wild-type” of mFabp4 enhancers
in view of reverse complementing the 5° position of the enhancer.

Fig. 5 is a graph showing the mutual information between the nucleotide present at each
position along a synthetic 87 bp cyclic AMP response element and the overall regulatory activity
of the element.

Fig. 6 is a schematic showing a comparison of various strategies of multiplex reporter
assays (also referred to as massively parallel reporter assay or MPRA).

Fig. 7 is a schematic showing exemplary steps in the MPRA implementation described
herein. Critical sequence features are highlighted.

Fig. 8A is a graph showing the distribution of correlation coefficients (Pearson) between
each set of 13 matching mRNA/plasmid tag ratios from the same single-hit CRE variant assayed
in two independent MPRA experiments. We observed an excess of r values > 0 relative to the
expected distribution (estimated by permuting the association between tags and ratios within
each set; median = 0.0), which indicates a slight tag-related bias.

Fig. 8B is a graph showing the ‘bias’ of each of the ~13,000 tags utilized in the single-hit
CRE design was estimated as the average of its two observed mRNA/plasmid ratios across the
two experiments, divided by the average of the two median ratios from all 13 tags associated

with the same variant. The tags were then sorted by their bias and partitioned into ten equally-
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sized bins. The plot shows the median bias for each bin (solid line; first and third quartiles
shown as dotted lines). The majority (~80%) of tags had an estimated bias of less than +15%.

Fig. 8C is a graph showing the mean nucleotide composition of tags in each of the ten
bins. The tags with the most negative bias (i.e., those that appear to systematically
underestimate the activity of their linked variant) tend to be more A-rich than unbiased tags,
while the tags with the most positive bias (i.e., those that appear to systematically overestimate
the activity of their linked variant) tend to be G-rich.

Fig. 9A is a series of histograms of the relative concentrations of the designed enhancer
variants in each MPRA plasmid pool, as inferred by plasmid Tag-Seq.

Fig. 9B is a graph showing the concordance between CRE activity estimates from two
independent MPRA experiments performed using each of the two mutagenesis designs.

Fig. 9C is a graph showing the concordance between luciferase-based assays and MPRA
for 24 single-hit and multi-hit variants.

Fig.10A shows the CRE sequence with known and putative transcription factor binding
sites indicated.

Fig. 10B is a graph showing the changes in induced activity owing to single-nucleotide
substitutions. Each bar shows the log-ratio of the median variant and wild-type activity
estimates.

Fig. 10C is a graph showing the changes in induced activity owing to eight consecutive
substitutions. The plot shows the medians of three different types of substitutions (see also Fig.
11). Each bar is located at the fourth nucleotide in the corresponding §-nt substitution.

Fig. 10D is a graph showing the changes in induced activity owing to 5-nt (top) and 10-nt
(bottom) insertions. The plots show the means of two different insertions (see also Fig. 12).
Each bar is located one nucleotide to the right of the insertion. Error bars show the first and
third quartile.

Fig. 11A shows the CRE sequence with known and putative transcription factor binding
sites indicated.

Fig. 11B is a graph showing the changes in induced activity due to 8 consecutive
complement substitutions (G—C, A-T).

Fig. 11C is a graph showing the changes in induced activity due to 8 consecutive non-
complement transversion substitutions (G-T, A<C).

Fig. 11D is a graph showing the changes in induced activity due to § consecutive
transition substitutions (G« A, T«<>C). Each bar is located at the fourth nucleotide in the

corresponding 8 nucleotide substitution. Error bars show the first and third quartiles.
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Fig. 12A shows the CRE sequence with known and putative transcription factor binding
sites indicated.

Fig. 12B is a graph showing the changes in induced activity due to insertion of TTAGC
between each pair of consecutive nucleotides.

Fig. 12C is a graph showing the changes in induced activity due to insertion of CTGCA
between each pair of consecutive nucleotides.

Fig. 12D is a graph showing the changes in induced activity due to insertion of
TTAGCCTGCA between each pair of consecutive nucleotides.

Fig. 12E is a graph showing the changes in induced activity due to insertion of
CTGCATTAGC between each pair of consecutive nucleotides. Each bar is located one
nucleotide to the right of the insertion. Error bars show the first and third quartiles.

Fig. 13A shows the IFFNB enhancer with known transcription factor binding sites
indicated.

Fig. 13B is a graph showing the changes in induced activity owing to single-nucleotide
substitutions. Each bar shows the log-ratio of the median variant and wild-type activity
estimates.

Fig. 13C is a graph showing the changes in induced activity owing to eight consecutive
substitutions. The plot shows the medians of three different types of substitutions (see also Fig.
14). Each bar is located at the fourth nucleotide in the corresponding §-nt substitution.

Fig. 13D is a graph showing the changes in induced activity owing to 5-nt (top) and 10-nt
(bottom) insertions. The plots show the means of two different insertions (see also Fig. 15).
Each bar is located one nucleotide to the right of the insertion. Error bars show the first and
third quartile.

Fig. 14A shows the IFFNB enhancer sequence with known and putative transcription
factor binding sites indicated.

Fig. 14B is a graph showing the changes in induced activity due to 8 consecutive
complement substitutions (G«—C, A<T).

Fig. 14C is a graph showing the changes in induced activity due to 8 consecutive non-
complement transversion substitutions (G-T, A<C).

Fig. 14D is a graph showing the changes in induced activity due to 8 consecutive
transition substitutions (G« A, T«<>C). Each bar is located at the fourth nucleotide in the
corresponding 8 nucleotide substitution. Error bars show the first and third quartile.

Fig. 15A shows the IFFNB enhancer sequence with known and putative transcription

factor binding sites indicated.
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Fig. 15B is a graph showing the changes in induced activity due to insertion of TTAGC
between each pair of consecutive nucleotides.

Fig. 15C is a graph showing the changes in induced activity due to insertion of CTGCA
between each pair of consecutive nucleotides.

Fig. 15D is a graph showing the changes in induced activity due to insertion of
TTAGCCTGCA between each pair of consecutive nucleotides.

Fig. 15E is a graph showing the changes in induced activity due to insertion of
CTGCATTAGC between each pair of consecutive nucleotides. Each bar is located one
nucleotide to the right of the insertion. Error bars show the first and third quartile.

Fig. 16A shows a series of graphs showing information footprints of the CRE in its
induced (top) and uninduced (bottom) states. Darker shading indicates significant information
content at the corresponding position (permutation test, 5% FDR). Error bars show uncertainties
inferred from subsampling.

Fig. 16B shows visual representations of linear QSAMs of the CRE in its induced (top)
and uninduced (bottom) states. The shading in each entry represents the estimated additive
contribution of the corresponding nucleotide to the log-transformed activity of the enhancer.
The matrices are rescaled such that the lowest entry in each column is zero and the highest entry
anywhere is one. Both matrices are shown on the same scale.

Fig. 17A shows a series of graphs showing information footprints of the /FNB enhancer
in its induced (top) and uninduced (bottom) states. Darker shading indicates significant
information content at the corresponding position (permutation test, 5% FDR). Error bars show
uncertainties inferred from subsampling.

Fig. 17B shows visual representations of linear QSAMs of the /FNB enhancer in its
induced (top) and uninduced (bottom) states. The shading in each entry represents the estimated
additive contribution of the corresponding nucleotide to the log-transformed activity of the
enhancer. The matrices are rescaled such that the lowest entry in each column is zero and the
highest entry anywhere is one. Both matrices are shown on the same scale.

Fig. 18A shows visual representations of QSAMs trained on multi- (top) and single-hit
(bottom) substitution data. The shading in each entry represents the estimated additive
contribution of the corresponding nucleotide to the log-transformed activity of the enhancer.
The matrices are re-scaled such that the lowest entry in each column is zero and the highest entry
anywhere is one. Both matrices are shown on the same scale.

Fig. 18B is a series of graphs showing comparison of log-transformed QSAM-predicted
and observed enhancer activities for models trained on multi-hit (top row) and single-hit (bottom
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row) data and evaluated on multi-hit (right column) or single-hit (left column) sequence variants.
Note that the magnitudes of the activity estimates are depended on the specific set of assayed
variants and therefore not directly comparable between single-hit and multi-hit data or QSAMs.

Fig. 19A shows visual representations of QSAMs trained on multi- (top) and single-hit
(bottom) substitution data. The shading in each entry represents the estimated additive
contribution of the corresponding nucleotide to the log-transformed activity of the enhancer.

The matrices are re-scaled such that the lowest entry in each column is zero and the highest entry
in each matrix is one. The two matrices are not shown on the same scale.

Fig. 19B is a series of graphs showing comparison of log-transformed QSAM-predicted
and observed enhancer activities for models trained on multi-hit (top row) and single-hit (bottom
row) data and evaluated on multi-hit (right column) or single-hit (left column) sequence variants.
Note that the magnitudes of the activity estimates are depended on the specific set of assayed
variants and therefore not directly comparable between single-hit and multi-hit data or QSAMs.

Fig. 20A shows CRE variant sequences predicted to maximize induced activity (Al) or
inducibility (I1-13) based on linear QSAMs trained on multi-hit data. Differences from wild type
are indicated by shading. Darker shading indicates a higher predicted contribution to the change
in activity.

Fig. 20B is a graph showing luciferase activity of the wild-type (WT) and optimized CRE
variants in untreated and forskolin-treated cells. RLU, relative light unit. Bars show mean
activity across 12 replicates in the induced or uninduced states

Fig. 20C is a graph showing inducibility of the CRE variants in response to cAMP
elevation caused by forskolin treatment. Bars show the ratio of the corresponding induced and
uninduced mean activities.

Fig. 20D is a graph showing /FFNB enhancer variants predicted to maximize induced
activity (A1) or inducibility (I1) based on linear QSAMs trained on multi-hit data.

Fig. 20E is a graph showing luciferase activity of the WT and optimized /FFNB enhancer
variants in uninfected and virus-treated cells. Bars show mean activity across 12 replicates in
the induced or uninduced states.

Fig. 20F is a graph showing inducibility of the /FNB enhancer variants in response to
virus infection. Bars show the ratio of the corresponding induced and uninduced mean activities.
Error bars show s.e.m. (SE). All statistical comparisons are relative to WT in the same state; n.s.,
not significant; *** P <0.0001; two-tailed t-test. Error bars show the range from (induced mean
— induced SE)/(uninduced mean + uninduced SE) to (induced mean + induced SE)/(uninduced

mean — uninduced SE).
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Fig. 21A is a graph showing luciferase activity of the wild-type (WT), optimized, and
random CRE variants in untreated cells.

Fig. 21B is a graph showing luciferase activity of the same CRE variants in forskolin-
treated cells. None of the top five random variants showed induced activities comparable to the
engineered variants. Bars show mean activity across 3 replicates in the induced or uninduced
states.

Fig. 21C is a graph showing inducibility of the CRE variants. Only one of the random
variants (CRE-R25052) approached the level of inducibility seen for CRE-I1 and -13, primarily
because of its slightly reduced basal activity. Bars show the ratio of the corresponding induced
and uninduced mean activities. Error bars show standard errors of the means (SE). All
statistical comparisons are relative to WT in the same state; n.s., not significant; *, p < 0.05; **,
p <0.01; *** p <0.001; two-tailed t-test. Error bars show the range from (induced mean -
induced SE)/(uninduced mean + uninduced SE) to (induced mean + induced SE)/(uninduced
mean -uninduced SE).

Fig. 22 is a graph showing the normalized mRNA tag counts (“relative stability”)
obtained from expression vectors that carried 142 nucleotide fragments of the human TDP-43 3’
untranslated region 3’ to the their open reading frames and identifying tags after siRNA
depletion of TDP-43 (“perturbation,” first bar) or in a control condition (“control,” second bar).
Fragments from two regions near positions ~1400 and ~2000 showed a relative increase in

stability in the perturbed cells.

Detailed Description of the Invention

In general, the invention provides expression vectors, cells, constructs, kits, systems, and
methods for determining qualitative or quantitative activities or both of a plurality of nucleic
acid regulatory elements which have been distinctively tagged. Such activity of the tagged
regulatory element is assayed at, e.g., the transcriptional level. The methods described herein
facilitate, e.g., the systematic reverse engineering or optimization of cis-regulatory elements at
high resolution and at a large scale. Exemplary cis-regulatory elements include, without
limitation, elements functional in plants, bacteria, animals (e.g., humans), protists, and fungi.
The methods further include integration of multiplexed DNA synthesis and sequencing
technologies to generate and quantify the transcriptional regulatory activity of such cis-
regulatory elements, e.g., thousands of arbitrary DNA sequences in parallel in cell-based assays

(e.g., mammalian cell-based assays).
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An exemplary method is outlined in Fig. 1A. Briefly, tens of thousands of
oligonucleotides encoding the regulatory element of interest, and a set of engineered variants, are
obtained (e.g., by parallel synthesis on a microarray). Each variant is linked to one or more
distinct tags, as well as several common restriction and/or primer sites that facilitate
amplification and cloning. These variants are then PCR amplified and cloned in parallel into an
arbitrary expression vector (e.g., a bacterial, yeast, or mammalian expression vector). A constant
fragment containing an arbitrary open reading frame (ORF) (e.g., a fluorescent protein such as
green fluorescent protein (“GFP”) or luciferase) and optionally a promoter is then inserted
between the regulatory elements and their associated tags. In some examples, distinct plasmids
are maintained as an undivided single high complexity library.

To assay the relative transcriptional activities of the regulatory elements, the plasmids are
co-transfected into a population of cultured cells. In some examples, cells containing plasmids,
fragments of plasmids, or plasmid-derived viral or transposon vectors that have been stably
integrated into the genome are selected based on drug resistance (e.g., puromycin resistance) or
fluorescence (e.g., GFP expression). After optional perturbations of the cell population, the cells
may be harvested for total RNA and/or poly(A)+ RNA isolation. Optionally, first strand cDNA
synthesis may be performed and an ¢cDNA library (e.g., an Illumina® cDNA library) may be
generated using fusion PCR or ligation. Optionally, the cDNA synthesis may include addition of
one or more distinct nucleic acid tags to all synthesized molecules that may serve to identify the
cell population or sample from which the library was generated. The mRNA or cDNA
containing individual tags may then be quantified (e.g., by quantitative sequencing, microarray
hybridization, or bead hybridization) representing the relative abundances of mRNAs transcribed
from each distinct reporter construct in the experiment. To normalize for differences in the
relative concentrations of the transfected plasmids, similar tag counts may be generated by
sequencing the plasmid pool or the all or part of the genomes of stable transfected cells. Finally,
the relative activities of the various regulatory element variants may be inferred from the set of
normalized tag counts using a statistical algorithm. For example, the activity of a single
regulatory element variant linked to a single tag is first estimated by dividing the sequence count
or hybridization signal of the tag in the mRNA or cDNA sample to the corresponding sequence
count or hybridization signal of the same tag in the corresponding plasmid pool. If the plasmid
pool contains multiple distinct constructs that link the same regulatory element variant to
different tags, a more accurate estimate of the activity of the element may optionally be obtained

by computing a summary statistic (e.g., the median or mean) of the mRNA or cDNA to plasmid
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ratios obtained for each individual tag. The relative activities of each distinct regulatory element
may then be inferred by comparing these normalized sequence count or hybridization signals.

Another exemplary method is outlined in Fig. 1B. Briefly, nucleic acid constructs
including restriction enzyme sites (“R” and “E”), a tag, and 15 base universal tails are
engineered. The construct is amplified using PCR and universal primers. The resultant
construct mixture is then inserted into an expression vector generating a plasmid library. The
plasmids are digested and an ORF (e.g., a sequence encoding a GFP) is inserted into the
expression vector. The plasmids are then transfected into a cell population, first strand cDNA
synthesis is then performed, and the tags are quantified according to standard methods, e.g.,
quantitative sequencing protocols.

Another exemplary method is illustrated in Fig. 1C. Briefly, tens of thousands of
oligonucleotides encoding a tag followed by a regulatory element of interest, and a set of
engineered variants, are obtained (e.g., by parallel synthesis on a microarray). Each variant is
linked to one or more distinct tags. These variants are then, e.g., PCR amplified and cloned in
parallel into an arbitrary expression vector (e.g., a bacterial, yeast, or mammalian expression
vector) downstream of an arbitrary ORF (e.g., a fluorescent protein such as GFP or luciferase)
(the ORF optionally being downstream of an additional regulatory element). In some examples,
distinct plasmids are maintained as an undivided single high complexity library. The relative
transcriptional activities of the different expression vectors can be determined, e.g., as described
above.

In yet another exemplary method, a short, very high-complexity tag pool (e.g., generated
by degenerate column-based oligonucleotide synthesis) is cloned into a reporter background
(e.g., an expression vector containing an arbitrary ORF). Various regulatory elements are then
cloned into the tagged plasmid pool. The various regulatory elements can be generated, e.g., by
multiplexed PCR, error-prone PCR, or shearing/digestion of genomic DNA. Variant-tag links
can be established by pair-end sequencing of the resultant pool or by digestion of the plasmid
library to remove all or a portion of the nucleotides between the regulatory element and tags,
followed by sequencing. The relative transcriptional activities of the different expression vectors
can be determined, e.g., as described above.

Nucleic acid constructs are generated by any means known in the art, including through
the use of polymerases and solid state nucleic acid synthesis (e.g., on a column, multiwall plate,
or microarray). Furthermore, a plurality of nucleic acid constructs may be generated by first
generating a parent population of constructs (e.g., as described above) and then diversifying the

parent constructs (e.g., through a process by which parent nucleotides are substituted, inserted,
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or deleted) resulting in a diverse population of new nucleic acid constructs. The diversification
process may take place, e.g., within an isolated population of nucleic acid constructs with the
nucleic acid regulatory element and tag in the context of an expression vector, where the
expression vector also contains an open reading frame operatively connected to the nucleic acid
regulatory element.

The nucleic acid regulatory elements may be naturally-occurring sequences, variants
based on the naturally-occurring sequences, or wholly synthetic sequences. The source of the
nucleic acid regulatory element is not critical. Variants include those developed by single (or
greater) nucleotide scanning mutagenesis (e.g., resulting in a population of nucleic acid
regulatory elements containing single mutations at each nucleotide contained in the naturally-
occurring regulatory element), transpositions, transversions, insertions, deletions, or any
combination thereof. The nucleic acid regulatory elements may include non-functional
sequences (e.g., sequences that create space between nucleic acid regulatory subunits but do not
themselves contribute any sequence specific effect on the regulatory element’s activity). In other
embodiments, the regulatory element is entirely arbitrary, and genetic reporter constructs are
constructed that link such arbitrary DNA elements to distinguishing tags as described below.

The invention provides for the inclusion of nucleic acid tags to facilitate the
determination of the activity of specific nucleic acid regulatory elements. These tags are
included in the nucleic acid constructs and expression vectors containing the nucleic acid
regulatory elements. Each tag is unique to the corresponding nucleic acid regulatory element
(i.e., although a particular nucleic acid regulatory element may have more than one tag (e.g., 2,
3,4, 5, 10, or more), each tag is indicative of a single nucleic acid regulatory element). These
tags are oriented in the expression vector such that they are transcribed in the same mRNA
transcript as the associated open reading frame. The tags may be oriented in the mRNA
transcript 5° to the open reading frame, 3’ to the open reading frame, immediately 5’ to the
terminal poly-A tail, or somewhere in-between.

The nucleic acid tags may be greater than 4 (e.g., greater than 10) nucleotides in length
and/or fewer than 40, 30, 25, 20, 15, 13, 12, 11, 10, 9, 8, 7, 6, 5, or 4 nucleotides in length (e.g.,
the tags may be 5, 6,7, 8, 9, 10, 11, 12, 13, 14, or 15 nucleotides in length). The unique portions
of the nucleic acid tags may be continuous along the length of the tag sequence or the tag may
include stretches of nucleic acid sequence that is not unique to any one tag. In one application,
the unique portions of the tags may be separated by a stretch of nucleic acids that is removed by

the cellular machinery during transcription into mRNA (e.g., an intron).
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The expression vectors include a nucleic acid regulatory element, an open reading frame,
and a nucleic acid tag. These elements may be arranged in a variety of configurations. For
example, the nucleic acid regulatory element may be 5°, 3’, or within the open reading frame.
The nucleic acid tag may be located anywhere within the region to be transcribed into mRNA
(e.g., upstream of the open reading frame, downstream of the open reading frame, or within the
open reading frame). Importantly, the tag is located 5’ to the transcription termination site. The
expression vectors may also include additional elements (e.g., invariant promoter elements (e.g.,
a minimal mammalian TATA box promoter or a synthetic inducible promoter), invariant or low
complexity regions suitable for priming first strand cDNA synthesis (e.g., located 3’ of the
nucleic acid tag), elements to aid in isolation of transcribed RNA, elements that increase or
decrease mRNA transcription efficiency (e.g., chimeric introns) stability (e.g., stop codons),
regions encoding a poly-adenylation signal (or other transcriptional terminator), and regions that
facilitate stable integration into the cellular genome (e.g., drug resistance genes or sequences
derived from lentivirus or transposons).

The plurality of expression vectors includes an undivided sample containing one or more
copies of at least two or more (e.g., 100, 500, 1000, 2000, 5000, 10000, or more) distinct
expression vectors. Each distinct expression vector in the plurality of expression vectors differs
from the remaining expression vectors by the inclusion of an identifying nucleic acid tag and,
optionally, a distinct nucleic acid regulatory element. For example, each expression vector may
share any or all of the following: one or more open reading frames, one or more invariant
promoter element (e.g., a minimal mammalian TATA box promoter), one or more invariant or
low complexity regions suitable for priming first strand cDNA synthesis (e.g., located 5° or 3” of
the nucleic acid tag), one or more elements to aid in isolation of transcribed RNA, one or more
elements that increase or decrease mRNA transcription efficiency (e.g., chimeric introns) or
stability (e.g., stop codons), regions encoding a poly-adenylation signal (or other transcriptional
terminator), and regions that facilitate stable integration into the cellular genome (e.g., drug
resistance genes or sequences derived from lentivirus or transposons) The regulatory elements
and tags of the plurality of expression vectors may differ from each other, e.g., as described
herein.

The tags are quantified by methods known in the art, including quantitative sequencing
(e.g., using an Illumina® sequencer) or quantitative hybridization techniques (e.g., microarray
hybridization technology or using a Luminex® bead system).

The invention provides multiple rounds of reporter assays to be performed where the

variant sequences tested in one round are designed based on information gleaned from the
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previous round. Therefore, the invention also provides a strategy for systematically reverse
engineering cis-regulatory elements and for iteratively developing and refining novel synthetic
cis-regulatory elements.

An example of such a method is depicted in Fig. 2. First, a regulatory element of interest
is systematically mutated at every position to reveal the location of subsequences that are critical
for the activity of the element. The method may also include identifying regulatory
subsequences by mutating multiple consecutive nucleotides in each variant, thereby uncovering
weak binding sites. Second, a new series of variants may then be synthesized to probe for
constraints on the relative spacing, order, and orientation of the identified regulatory
subsequences. The data from these two rounds may be used to develop a qualitative model of
the regulatory element. Additional rounds of assays may then be performed to iteratively test
and refine the model. This method may be applied to study a large number of distinct regulatory
elements in parallel. In order to construct physical models of the regulatory element, the
biochemical properties and protein-DNA interactions of the critical subsequences identified in
this assay may be further studied using standard methods for studying individual protein-DNA
interactions, such as high-throughput systematic evolution of ligands by exponential evolution
enrichment (HT-SELEX) and mechanically induced trapping of molecular interactions
(MITOMD).

The invention also provides kits for performing the methods of the invention. Such kits
may include expression vectors, cells, nucleic acid constructs containing open reading frames,
restriction enzymes, reaction buffers, and instructions for performing the methods described
herein.

The invention also provides systems for performing the methods of the invention. Such
systems include combinations of the following: populations of the above-described cells,
reagents for isolating mRNA generated from such a population of cells, reagents for performing
first strand cDNA synthesis using the isolated mRNA as a template, and a device for
quantitatively sequencing the cDNA products.

Experimental Results

To test the multiplexed reporter assay, a classic adipose-specific enhancer located
upstream of the murine-Fabp4 gene (also known as aP2) has been studies as follows. A 185 bp
fragment from this enhancer has been shown to drive adipocyte-specific expression from
heterologous promoters in cultured cells and in vivo. At least five distinct protein binding sites,

two of which were found to recruit heterodimeric complexes consisting of PPAR gamma
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(PPARG) and RXR alpha (RXRA), have been described in this enhancer.

In the following experiments, a set of 1,789 variants of the mFapb4 enhancer were
designed that combined aspects of both scanning and structural mutagenesis. The variants
included: (i) single nucleotide substitutions at every position into every alternative nucleotide,
(i1) complementation, or (iii) reverse complementation of all nucleotides to the right or left of
every nucleotide position along the element, (iv) scrambling or (v) permutation of every possible
subset of the five known protein binding sites, (vi) sliding each of the binding sites to the right or
left of their wild-type position, and several other types of mutations. Each enhancer variant was
linked to seven different 10 base-pair tags, as well as to universal primer and restriction sites as
described above, resulting in 12,586 distinct 240mer oligonucleotide sequences. These
sequences were synthesized, PCR amplified, and cloned into a basic plasmid backbone. The
resulting plasmid pool was transfected into adipocytes derived from the murine 3T3-L1 cell line.
Tagged mRNAs transcribed from the co-transfected plasmids were isolated and analyzed as
described herein.

To evaluate the robustness and reproducibility of the assay, the plasmid construction and
transfection were twice performed in independent, back-to-back experiments, and the results of
each experiment compared. Sequencing the two plasmid pools (prior to transfection) to a depth
of ~25 million reads each detected the presence of the vast majority (90-92%) of the desired
constructs at fairly similar relative concentrations (coefficient of variation = 0.3-0.4) in both
pools. This indicates successful generation of high complexity plasmid pools. Comparison of
the normalized mRNA tag counts obtained after transfection and sequencing revealed highly
similar transcriptional activity estimates across all 1,789 variants in both replicates (r*=0.89, p <
107%). This indicates that the assay is robust and yields reproducible data.

Fig. 3 summarizes data from 555 of the co-transfected variants that together contain
every possible single nucleotide substitution. The wild-type Fabp4 enhancer sequence is shown
at the bottom with the five known protein binding sites highlighted. PPARG/RXRA
heterodimers are recruited to two binding sites in an adipogenesis-dependent manner. Both sites
contain imperfect matches to the ~17 bp PPARG/RXRA consensus motif, which contains two
direct repeats of the hexamer AGGTCA, separated by one nucleotide. PPARG is known to
always bind to the 5° half-site of this repeat, which implies that the two sites in this enhancer are
bound in opposite directions. A third binding site recruits nuclear factor I (NF-I). The
remaining two sites (ARE2/ARE4) show affinity for an unknown protein complex that are
present in both pre-adipocytes and adipocytes. The four bar plots show the change in

transcriptional activities caused by substituting in the corresponding nucleotide at each position
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along the 185 bp sequence. A light gray bar indicates a statistically-significant change (at
p<0.01).

Strikingly, many substitutions within the known NF-1 and PPARG/RXRA binding sites
affect the activity of the enhancer, while most substitutions outside of known binding sites do
not. Most functional substitutions lead to a decrease in activity, although substitutions within a
small region of the 3> PPARG/RXRA site may increase the activity up to 4-fold over the wild-
type. Close inspection revealed that the latter substitutions made the site more similar to the
PPRG/RXRA consensus motif, suggesting that the wild-type site was not selected for maximal
activity in adipocytes. Substitutions in the 5° half of ARE4 also lead to decreased activity, while
substitutions in ARE2 appear to have relatively small effects in this experiment. Substitutions
between the 3° PPARG/RXR site and ARE4, and at the extreme 3’ end of the enhancer also
reduced the enhancer activity. This might reflect the presence of previously unrecognized
protein-DNA interactions in this region.

Fig. 4 summarizes data from 183 other variants that together examine the effects of
inverting (reverse complementing) the 5’ side of the enhancer, with a breakpoint between any
two adjoining nucleotides. The format is similar to Fig. 3, except that, in this case, each bar
shows the change in transcriptional activity caused by inverting the sequence on the 5’ side of
the corresponding nucleotide position. This type of mutation has two effects: (1) it changes the
relative ordering and orientation of protein binding sites on opposite sides of the breakpoint, and
(2) it disrupts any binding site or other functional sequence that spans the breakpoint.

Example 1 highlights the result of inverting nucleotides 1-45. Because its breakpoint
disrupts one of the PPARG/RXR binding sites, it leads to a significant decrease in the overall
activity of the enhancer. In contrast, Example 2 shows that inverting nucleotides 1-91 does not
lead to a significant change in activity. Thus, the relative ordering of ARE2, the first
PPARG/RXRA site and the NF-I site is not important. This example also suggests that it does
not matter whether the two PPARG/RXRA heterodimers bind the enhancer in the same or
opposite directions.

In summary, this experiment clearly demonstrates the feasibility and potential of the
above-described methodologies. In a single experiment, the total number of characterized
mutants of the Fabp4 enhancer was increased by almost two orders of magnitude. The data
confirm that the known NF-I and PPARG/RXRA binding sites are major contributors to the
enhancer activity of the isolated 185 bp sequence, but also suggest the presence of additional
functional sites. Moreover, the data show that the enhancer activity is relatively insensitive to

the exact spacing and orientation of these sites.
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In a second test of the multiplexed reporter assay, a synthetic cyclic AMP response
element (CRE) has been studies as follows. This 87 bp fragment has been shown to drive dose-
dependent expression from a minimal mammalian TATA-box promoter in cultured cells in
response to stimuli that increase cyclic AMP levels within the cells. The fragment contains four
binding sites for CREB proteins derived from natural DNA sequences assembled in an arbitrary
order. This type of cis-regulatory element is frequently used to drive the expression of genetic
reporters in studies of cell signaling and in high-throughput drug screening applications.

In the following experiments, a set of 27,000 variants of the CRE were designed by
randomly substituting one or more nucleotides in the original element with alternative
nucleotides. Each CRE variant was linked to a single 10 base-pair tag, as well as a universal
primer and restriction sites as described above, resulting in 27,000 distinct 142mer
oligonucleotide sequences. These sequences were synthesized, PCR amplified, and cloned into a
basic plasmid backbone. A minimal TATA-box promoter and a firefly luciferase gene were then
inserted between the CRE variants and the tags. The resulting plasmid pool was transfected into
cells from the human HEK293 cell line. Twenty four hours later, the transfected cells were
stimulated with 100 micromolar forskolin dissolved in DMSQO, which is known to increase the
cyclic AMP levels in cells. A transfected control population was treated with only DMSO.
Tagged mRNAs transcribed from the co-transfected plasmids were isolated and analyzed as
described herein.

Fig. 5 summarizes data from the combined activity measurements from all 27,000 CRE
variants. The original synthetic CRE sequence is shown at the bottom with four known CREB
protein binding sites underlined. The two bar plots show the mutual information (in bits)
between the nucleotide at the corresponding position and the overall activity of the CRE in
forskolin-stimulated (top) and control (bottom) cells, as calculated by standard methods. The
higher the mutual information is at a position, the more important the corresponding nucleotide
is for the activity of the element. Strikingly, the mutual information plots from the forskolin-
treated cells show four clear peaks that closely correspond to the known CREB binding sites.
The peaks are lower in the plots from the control cells, which is consistent with a lesser role for
CREB in driving transcription from this element in the absence of increased cyclic AMP.

In another experiment, 142-mer oligonucleotide pools containing 87-nt CRE and INFB
enhancer variants, as well as 10-nt tags and various invariant sequences required for cloning
(Fig. 7), were synthesized. Two different mutagenesis strategies were tested (Fig. 6). The first
was ‘single-hit scanning’ (Patwardhan, R.P. et al., Nat. Biotechnol. 27, 11731175, 2009) where
we assayed ~1,000 specific enhancer variants, including all possible single substitutions,
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multiple series of consecutive substitutions and small insertions at all positions were assayed.
Each scanning variant was linked to 13 tags for a total of 13,000 distinct enhancer-tag
combinations. This redundancy provides parallel measurements for each variant, which can be
used to both quantify and reduce the impact of experimental noise, including tag-dependent bias
(Fig. 8). The second was ‘multi-hit sampling’ (Kinney et al., Proc. Natl. Acad. Sci. USA. 107,
9158-9163, 2010) where ~27,000 distinct enhancer variants, each linked to a single tag, were
assayed. These variants were constructed by introducing random nucleotide substitutions into
the enhancers at a rate of 10% per position. Because the variants were designed in silico and
then synthesized, they provided a uniform mutational spectrum. This strategy is advantageous
because each substitution is assayed in a larger fraction of the variants and the use of multiple
substitutions enables detection of interactions; one disadvantage is that the measurements for
individual variants are less accurate.

Oligonucleotide pools were synthesized according to both strategies and were cloned into
identical plasmid backbones, a minimal TATA-box promoter was inserted, and a luciferase gene
between the variants and tags was also inserted. The resulting plasmid pools were transfected
into human embryonic kidney (HEK293T) cells. To induce the CRE or IFFNB enhancer, the
transfected cells were treated with forskolin or infected with Sendai virus, respectively. To
estimate the relative activities of the enhancer variants, 20—120 million PCR-amplified mRNA
and plasmid tags were sequenced from each transfection.

The resulting data using several different approaches were validated as shown in Fig. 9.
First, the distributions of plasmid tag counts were examined. We found that the vast majority
(299.6%) of the tags were indeed present in each pool, and that their relative concentrations were
similar (coefficient of variation, 0.45-1.0). This confirmed that high-complexity plasmid pools
were successfully generated.

The two CRE plasmid pools twice were synthesized and transfected twice. ~13,000 and
~27,000 pairs of mRNA-plasmid tag ratios obtained from the single- and multi-hit pools,
respectively, were highly correlated (Pearson r* = 0.61 and 0.67, least significant P < 107199,
The medians of the 13 tag ratios from each distinct variant in the replicate single-hit pools were
even more similar (+* = 0.89, P < 107'%). This indicated that the multiplexed reported assay was
robust, and that the noise level can be controlled by adjusting the number of distinct tags linked
to each distinct variant.

Finally, 24 plasmids were subcloned from each of two CRE pools and individually their
luciferase expression levels after forskolin treatment were measured. A linear relationship exists

between the multiplexed reporter assay- and luciferase-based activities for both pools (+* = 0.45
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and 0.75, P <0.0002). This indicated that the multiplexed reporter assay was directly
comparable to traditional reporter assays.

Next, scanning mutagenesis data were used to in an attempt to dissect the two induced
enhancers. The relative activity of each variant was measured by comparing the median of its 13
mRNA/plasmid tag ratios to the median ratio for tags linked to the corresponding wild-type
enhancer.

The first focus was on the CRE, which contains two consensus CREB dimer binding sites
(denoted as sites 1 and 4 in Fig. 10A) separated by two monomer sites (sites 2 and 3). 154 of the
261 possible single substitutions significantly altered its activity (5% FDR), with the majority
(79%) resulting in decreased activity (Fig. 10B). The substitutions that resulted in the largest
decreases were in or immediately flanking the CREB sites. Substitutions in the promoter-
proximal CREB site 4 had the largest effects, which is consistent with reports of the cAMP
responsiveness of CREB sites being inversely correlated with their distance from a TATA-box
(Mayr et al., Nat. Rev. Mol. Cell Biol. 2, 599-609, 2001). Within the two dimer sites,
substitutions in the central CGs were the most deleterious. This is consistent with biochemical
data that show that this dinucleotide is critical for high-affinity CREB-DNA interactions
(Benbrook et al., Nucleic Acids Res. 22, 1463-1469, 1994).

Substitutions at 47 of 61 positions outside of the CREB sites also caused significant (5%
FDR), although generally more subtle, changes in activity. This may reflect the effects of
cryptic non-CREB binding sites. In particular, two substitutions upstream of CREB site 1, as
well as almost every substitution in a C-rich motif flanking CREB site 4, resulted in increased
CRE activity. These substitutions may therefore cause either increased recruitment of activating
factors or decreased recruitment of repressors.

Scanning the CRE with blocks of eight consecutive substitutions caused changes that
were consistent with the single substitutions, but often more deleterious (Fig. 10C and Fig. 11).
Notably, although most single substitutions in CREB site 1 had no detectable effects, the
functional relevance of this site was clearly supported by the combined effect of multiple
substitutions.

Insertions of both 5 and 10 nt were well-tolerated at multiple positions between CREB
sites 1 and 2 and between sites 3 and 4 (Fig. 10D and Fig. 12). This implies that the CRE
activity is not dependent on specific spacing or phasing between these sites. In contrast,
insertions between sites 2 and 3 resulted in decreased activity, despite single substitutions having

small effects in the same region. This may reflect a direct interaction between proteins at these
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two sites, which was also suggested by a study of these sites in their natural context (Fink et al.,
Proc. Natl. Acad. Sci. USA. 85, 6662-6666, 1988).

The next focus was on the IFFNB enhancer, which is a 44-nt sequence containing
overlapping, nonconsensus binding sites for an ATF-2/c-Jun heterodimer, two IRF-3 and two
IRF-7 proteins, and a pSO/RELA (NF-xB) heterodimer (Fig. 13A) (Panne et al., Cell 129, 1111-
1123, 2007). A small amount of flanking genomic sequence was included, for a total length of
87 nt. 83 of the 261 possible single substitutions altered the enhancer’s activity in virus-infected
cells (5% FDR), and almost all (92%) of these were within the 44-nt core (Fig. 13B). Scanning
with consecutive substitutions did not reveal any unambiguously functional sequences outside of
this core (Fig. 13C and Fig. 14).

Within the core, there were only nine positions where all alternate nucleotides could be
introduced without affecting the enhancer’s activity. Strikingly, seven of these positions were in
gaps between the 5°- and 3’-halves of IRF sites, where these proteins primarily interact with the
DNA backbone (Panne et al., 2007). Insertions were also largely deleterious within the core
(Fig. 13D and Fig. 15). Both 5- and 10-nt insertions were, however, tolerated between IRF-7
site 2 and the pSO/RELA site, which is consistent with the absence of a known protein or
interaction spanning this gap.

Finally, seven single substitutions within the core caused a significant increase in activity
(5% FDR). At least four of these would be predicted to increase the affinity of a protein-DNA
interaction, by introducing a central CG into the ATF-2/c-Jun site (TGACATAG to
TGACGTAG), changing the 3’-halves of IRF-3 site 1 or 2 to its consensus (AAAA or GAGA to
GAAA) or changing the NF-kB 5’ half-site to a sequence specifically preferred by the p50
subunit (GGGAA to GGGGA) (Kunsch et al., Mol. Cell. Biol. 12, 4412-4421, 1992). It should
be noted that introduction of such consensus sites are, however, likely to decrease the specificity
of the enhancer toward viral infection (see below and Falvo et al., Mol. Cell. Biol. 20, 4814-
4825, 2000).

Next, the multi-hit sampling data were used in an attempt to dissect the two enhancers.
To quantify the dependency between enhancer activity and substitutions at a specific position,
the mutual information between the nucleotides at that position and the corresponding tag ratios
across the ~27,000 variants were estimated. To infer the effect of substitutions on the basal
enhancer activities, variants in untreated cells were also assayed. The resulting ‘information
footprints’ (Kinney et al., Proc. Natl. Acad. Sci. USA 107, 9158-9163, 2010; Schneider et al.,
Nucleic Acids Res. 17, 659-674, 1989) are shown in Figs. 16 and 17.
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The 27 most informative positions in the induced CRE footprint were all located in or
immediately flanking the four CREB sites (Fig. 16A). The more symmetric footprint of dimeric
CRESB site 4 compared to site 1 likely reflects the palindromic flanks of the former
(ATTGACGTCAAT versus AGTGACGTCAGC). The information contents of CREB sites 2—4
(i.e., the mutual information between their constituent nucleotides and the CRE activity) were
substantially lower in the uninduced state, which is consistent with cAMP-dependence. In
contrast, the information contents of CREB site 1 and the cryptic binding sites near CREB sites 1
and 4 were higher in the uninduced footprint. This is again consistent with the most promoter-
distal CREB site being less cAMP-dependent (Mayr and Montminy, Nat. Rev. Mol. Cell Biol.
22, 1463-1469, 1994) and suggests that these sites may be important for controlling the basal
CRE activity.

The IFNB enhancer footprint from virus-infected cells shows, as expected, that its
functionally relevant nucleotides are concentrated in the 44-nt core (Fig. 17A). Indeed, 35 of 46
positions that had significant mutual information with the enhancer’s activity (5% FDR) are
located in the core. Strikingly, the uninduced IFNB footprint revealed only 8 informative
positions, compared to 73 in the uninduced CRE footprint. This likely reflects the very low
basal activity of the IFNB enhancer (at least fivefold lower than the uninduced CRE in luciferase
assays).

Next, the development of quantitative sequence-activity models (QSAMs) (Kinney et al.,
Natl. Acad. Sci. USA 107, 9158-9163, 2010; Jonsson et al., Nucleic Acids Res. 21, 733-739,
1993; Stormo et al., Nucleic Acid Res. 14, 6661-6679, 1986) was attempted for the two
enhancers, with the goal of predicting the activity of novel variants.

A description of the QSAMs used to fit to the data is provided below. QSAMs attempt to
identify features of enhancer sequences that are predictive of the transcriptional activity of the
regulated promoter. Several classes of models that instantiate, at varying levels of complexity,
familiar ideas about how regulatory proteins can affect gene expression by binding to enhancer
DNA were considered. Some of these QSAMs are motivated by heuristic considerations while
others, as in Kinney et al. (2010), instantiate specific thermodynamic models.

QSAMs were fit to both CRE and IFNB data gathered in both inducing and non-inducing
conditions. Specific formulae defining these QSAMs are displayed in Table 1, and information
about model performance is displayed in Table 2. The models were in all cases fit to the copious
multi-hit data. The quality of fit to this training data, as well as model performance on the

sparser but independent single-hit data, was used to evaluate each QSAM's predictive power.
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Table 1

Parameter indices are defined as follows: b,c € { A,C,G,T } index different
nucleotides; i, j € {1, 2, .., 87} index positions within the mutagenized
enhancers; s, t, u index protein binding sites. xbi =1 (0 otherwise) if base b
occurs at position i in the sequence o. In the heuristic models, x,™ = 1 (0
otherwise) if site s exhibits n or more mutations from wild type. € p is the RNAP
binding free energy to its site, and € is the binding free energy of a transcription
factor (in this case CREB) to one of its specific binding sites indexed by s.

Formula for log expression from enhancer sequence o Parameters
Fynla) = Zp,i Api Xpi Api
- . . _1 .
Fiy{o) = log {B + C[1 + exp(Zp; Api xm)] } Api B, €
th’:n{a) = B+X A x; ) As. B
Ful0)} = Zpos Apei ¥pi Xein Apei
Forp(a) = Ty Api Xpi + Zpcij Boeij Xbi Xc g Api Byeij
: (2} (1) (1] _ -
Fuint(0) = Ly Api Xpi + 2 By g™ + Eop Cop X x§ ) Api B Loy
_ Zon }
Fiperm{c) = log (T m) whaera . ;i

et , GWhopyy , e234
¥s o ¥sts Vstu - ¥Vizaa
T, Ep

— ok o —E5—€;—Vst—ldgt
Lo =€ 5P [1_5_258 sTYs p R e T ¥st—Wst
+Es cpeu o By Vstu~Wstu 4 @_51_'52_53_64_(01234—)’12.34]
o

+ES e g SsTE ey sty E—‘Ei—fz—f?.—frwizazs]
<In

- — % k3
£ = Eb,;‘ Aps Xpy

One of two objective functions, least squares or maximal mutual information, was used
to optimize the parameters of each QSAM. For least squares, we sought parameters that
minimized the sum of square deviations between model predictions and measured log activities.
Least-squares-optimal parameters can easily be found using linear regression when a model's
predictions depend linearly on these parameters. However, least squares have a maximum

likelihood interpretation only when experimental noise is uniformly Gaussian.

Table 2

Summary of the QSAMs fit to multi-hit MPRA data. For each QSAM we report
the following: the data set modeled; a description of the model that was fit (linear,
heuristic linear, linear covering specific sites only, linear-nonlinear, nearest
neighbor dinucleotide, arbitrary dinucleotide, heuristic interaction, and
thermodynamic); the specific QSAM formula as described in Table 1, the number
of independent parameters fit; the objective function used for model optimization,
i.e., least squares (LS) or maximal mutual information (MMI); the computational
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method used to optimize parameters, i.e., linear regression (LR) or parallel
tempering Monte Carl (PTMC); the squared Pearson correlation 1* achieved by
the model on the multi-hit training set and the single-hit test set (all values shown

are highly significant, i.e., p < 10

100

); the mutual information between model

predictions and multi-hit measurements, computed using the method of Strong et
al., 1998. The induced CRE models were all fit to replicate 2 of the CRE
multi-hit dataset.

Multi-hit Model Formula | No.ofpar- | Objective | Fifting on Fon | M {bits} on
training dataset |  description ameters | function | method | mult-hit | single- | mult-hit
datz | hitdata data
CRE, uninduced linear Fii'ﬂ 62 £ R 0,359 0.3551.007
CRE, induced finear Fsm 162 (s {R 0.630 0792 | 08261.008
{RE, induced finear Fm Fiil) MM FTMC 061 (.81t (.8611.008
(RE, induced | finear {sites only} Fin 5 LS R 0.559 0.652 | 067711006
(RE induced | linear/nonfinear Fyg 264 LS (R 07183 0825 | 02491008
{RE, induced heuristic linear Foin 7 (S (R 0.526 0528 | (513067
{RE, induced n.. dinucleotide Fﬁn 1036 LS R 0.681 0.797 0901t 607
(RE induced | arb. dinucleotide Fory 622 LS PIMC | 0696 0.812 | 0.8361.006
{RE, induced heuristic int'n Foint 283 LS (R 0.676 0816 | 08751.008
{RE, induced | thermodynamic | F e 1 (S PIMC | 04855 0588 | 07171.007
IFNB, uninduced finear Fsm %2 i {R 001 0617 £ 001
IFNB, induced finear Fim 262 tS R 001 {616 0.058 +.002
{FNB, induiced finear Fiy 262 MM MMC | 082 0.5% | 0.0741.003
{FNB, induced heuristic linear me 9 (S {R 0.034 0425 0.0641.004
IFNB, induced | n.n. dinucleotide For 1036 L5 (R 0.102 0633 | 0071002
FNB, induced | arb. dinucleotide Fory 622 L5 PMC | D104 0607 | 00731.003
{FNB, induced heuristic int'n Fh.in , 298 (S {R 0.084 0,634 0.064 1,003

In some cases, parameters that maximized the mutual information between model

SUBSTITUTE SHEET (RULE 26)

predictions and measured activities (Kinney et al., 2010) were also sought. Mutual information
is equivalent, in the large data limit, to maximum likelihood whenever the quantitative form of
experimental noise is uncertain (Kinney et al., Proc. Natl. Acad. Sci. USA 104, 501-506, 2007).
Because of this, maximal mutual information is a more meaningful objective function than least
squares when fitting QSAMs to MPRA data. However, mutual information cannot be
maximized analytically. Therefore, the computationally intensive parallel tempering Monte

Carlo (PTMC) algorithm from Kinney et al., 2010 was used to infer parameter values when
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using this objective function. PTMC was also used to perform least squares optimization on
models for which simple linear regression could not be applied.

In general the CRE models performed much better than the IFNB models on their
respective multi-hit training data, while both performed similarly on their respective single-hit
test data. This difference is largely due to the /FNB enhancer, with its more compact
enhanceosome structure, being more sensitive to multiple mutations than is the billboard-like
CRE enhancer. Still, it is surprising that IFNB models that perform poorly on their multi-hit

training data fit the single-hit test data so well.

Objective functions and optimization strategies

Linear: A linear QSAM, Fj;, is defined by parameters A,; representing additive
contributions of the different bases b at each enhancer position i to log transcriptional activity.
This is a generalization of a widely used method of assessing the effect of a single transcription
factor acting at a single DNA binding site to the case where multiple transcription factors
assemble on an extended enhancer. The model has 4 x 87 = 348 A, parameters, but because one
of the four bases must be present at every position there are only 143 x 87=262 independent
degrees of freedom. The primary virtue of linear QSAMs is their simplicity, but it is not a priori
obvious that such models can capture the complex response of multi-site enhancers.
Nonetheless, for induced CRE and IFNB, linear QSAMs performed nearly as well or better than
the more complex models we fit.

A “sites-only” linear QSAM was also defined in which the A,; parameters were fixed at
zero for positions i outside identified transcription factor binding sites. This simplification was
motivated by the assumption that discrete binding sites dominate model predictions. Such a
model was fit to the induced CRE data, with nonzero positions restricted to the four CREB
binding sites shown in Fig. 16 (but including two extra nucleotides included on each side of
CRESB site 4). Doing this reduced the number of model parameters from 262 to 90.

Heuristic linear: The heuristic linear QSAM, Fy;;,, assumes that the effect of a binding
site on log transcription is entirely determined by whether or not that site has at least one
mutation with respect to wild type. When at least one mutation is present, a contribution A; is
added to log activity. An advantage of this model is the very small number of parameters
needed to describe it. Even with only 7 parameters (4 CREB sites, 2 “cryptic” sites and 1 overall
constant), this model was able to achieve an r* value equal to 85% (65%) of that achieved by the

linear QSAM on the induced CRE training (test) data.

28

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2012/151503 PCT/US2012/036558

Linear-nonlinear: In the linear-nonlinear QSAM, F},;, a sigmoidal transformation
specified by parameters B and C is applied to the prediction of a linear QSAM having
parameters A;; as defined above. This type of model is widely used to describe systems where
multiple inputs are combined to generate a response that interpolates monotonically, but not
linearly, between minimum and maximum values. For the induced CRE data, this
two-parameter nonlinearity increased r* by 16% as compared to the linear QSAM. Because
monotonic transformations have no effect on mutual information, this quantity was not
meaningfully affected. Nevertheless, this linear-nonlinear model has the virtue of being able to
predict an upper limit to the expression level that can be achieved by reengineering the enhancer
sequence.

Nearest neighbor dinucleotide: In modeling the binding specificity of individual
transcription factors, the simple linear model can sometimes be improved upon -- at the price of
substantially increasing the number of parameters -- by allowing for dependence on nucleotide
pairs. To limit model complexity, it is convenient (and physically reasonable) to limit attention
to nearest neighbor dinucleotides. We therefore defined a nearest neighbor dinucleotide QSAM,
F,., in which parameters A, give the additive contribution to log activity of the dinucleotide
consisting of base b at position i and base ¢ at position i+ /. The simple mononucleotide model
is included in this formulation as a special case. When applied to the induced CRE and IFNB
data, the nearest neighbor dinucleotide model performed as well as, or better than, the simple
linear model on both the training and test sets.

Arbitrary dinucleotide: To explore whether improvements in fit over the nearest
neighbormodel could be achieved with non-nearest neighbor interactions, we defined a
hybriddinucleotide QSAM, F,,s, consisting of a linear QSAM, defined by parameters A;; for all
positions 7, together with dinucleotide contributions By.; describing interactions between bases b
and c respectively occurring at selected pairs of positions i and j. To avoid overfitting due to an
explosion of parameters, we limited nonzero B values to at most 40 pairs of positions (i,j).
Finding the 40 best pairs of positions, and the associated optimal parameter values, presented a
combinatorial optimization problem, which we approached using PTMC. As the data in Table 2
indicate, these models performed similarly to the nearest neighbor dinucleotide models.

Heuristic interaction: The heuristic interaction QSAM, F},,;, consists of a linear QSAM

with parameters A, , a heuristic linear model having parameters By with a mutation threshold of
2, and additional interaction terms C; which contribute when both sites s and ¢ have at least 1

mutation. For the CRE model, the 6 sites annotated in Fig. 16 were used. For the IFNB model,
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the 8 boxed regions (representing both sites and half-sites) were treated as separate sites. These
models have the advantage of implementing interactions between proteins in a way that allows
model parameters to be analytically inferred using linear regression. Modest improvements in fit
as compared to the linear model were obtained.

Thermodynamic: The thermodynamic QSAM for the induced CRE enhancer, Fuerm , 18
based on previously published models (Bintu et al., Curr. Opin. Genet. Dev. 15(2), 125-135,
2005) in which transcriptional activity is assumed to be proportional to the equilibrium
occupancy of the RNA polymerase site. Given a specific picture of how the regulatory proteins
assemble on the enhancer, the polymerase site occupancy is determined by a partition function
involving the binding free energies of transcription factors to their respective sites in the
enhancer and the interaction free energies between both bound proteins and between these bound
proteins and the polymerase. This sort of model has a complicated formula and cannot be fit
with linear regression, but is important because it relates transcriptional response to a
well-defined physical picture of molecular interactions. If a physically accurate model can be
identified, it might facilitate the prediction of phenomena that could otherwise only be fit
empirically. We attempted to fit one such model to the CRE data. This was not done for the
IFNB data because the overlapping binding sites made it less clear what the structure of a
reasonable thermodynamic model of that enhancer might be. In the formula for Ferm, €5
represents the binding free energy to site s, in natural thermal energy units (kg 7), of the cognate
CREB protein. This free energy depends on sequence through a linear QSAM with
parametersAZi, and these parameters are nonzero only within the extent of site s (defined as for
the linear sites-only CRE model). The @ parameters describe the energetic interactions between
DNA-bound CREB proteins: @y is the interaction between proteins bound to sites s and ¢, @y, s
the total interaction free energy between three proteins bound to sites s, ¢, and ©# and ;234 1s the
total interaction free energy when all four CREB proteins are bound. Note that this model allows
for irreducible 3-protein and 4-protein interactions, in addition to pairwise interactions between
proteins. A constant of proportionality 7 relates transcription to an effective RNA polymerase
occupancy, which is determined by a protein-DNA interaction free energy ¢,, as well as
interaction free energies %, % Y% and %234 between RNA polymerase and the various possible
CREB-enhancer complexes. Model parameters were fit using PTMC. This model fit the
training set reasonably well but performed significantly worse than the simple linear model when
predicting the single-hit test data.

As a first step, linear regression was used to train QSAMs where each nucleotide position

was simply assumed to contribute additively to the log-transformed activity of the enhancers in
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the induced or uninduced states (Jonsson et al., 1993; Stormo et al., 1986). Linear QSAMs
trained on the multi-hit data are shown in Figs. 16B and 17B (see Figs. 18 and 19 for models
trained on single-hit data). Inspection revealed good qualitative correspondence with the
sequence features described above. For example, the two CRE models show that CREB site 1 is
critical for maximizing the induced activity, whereas site 4 has the largest influence on the basal
activity.

To quantify how well the linear models describe the data, their predictions to the
observed activities for both the ~27,000 variants in the multi-hit training sets and the 261 single
substitutions in the independent single-hit data were compared. For the CRE, the linear model
for the induced state generated predictions that were highly correlated with the observed
activities of both multi- and single-hit variants (+* = 0.63, P < 10"% and * = 0.79, P < 10,
respectively). Remarkably, this model therefore explained ~90% of the nontechnical variance in
both data sets (compare to r* = 0.67 and 0.89 between replicates, see above). The large number
of multi-hit measurements ensured that this was not the result of overfitting (+* > 0.62 on
fivefold cross-validation). In contrast, the induced /FNB model performed significantly better
on single-hit variants (+* = 0.61, P < 10”*) than on multi-hit variants (+* = 0.071, P < 10™%),
despite being trained on the latter set.

The difference in the fit of linear models appeared to reflect the different architectures of
the enhancers. Most CRE multi-hit variants disrupted one or more of the nonoverlapping
consensus CREB sites, which caused large (median = 4.7-fold) and roughly additive reductions
in its induced activity, until an apparent minimum was reached (Fig. 18B). Multiple
substitutions in the induced /FNB enhancer generally caused weaker (median = 1.8-fold) and
nonadditive reductions in activity, which may reflect its initially weaker nonconsensus binding
sites or more complex interactions between its transcription factors.

Because both enhancers showed evidence of nonlinear responses, functional
nonlinearities were incorporated in an attempt to refine the QSAMs. A variety of QSAMSs were
fitted to the data, including ones describing either dinucleotide interactions or biophysical
interactions between DN A-bound proteins, as shown in Tables 1 and 2. Model parameters were
optimized using linear regression or mutual information maximization (Kinney et al., 2010). For
the CRE, the best performing QSAM was a ‘linear-nonlinear’ model (Bishop, Pattern
Recognition and Machine Learning, Springer 2006) in which each nucleotide position is
assumed to contribute additively to a linear activation measure, and a sigmoidal function of that
measure then gives the transcriptional response. The optimal parameters for the linear part of
this model are virtually identical (+* = 0.98) to the strictly linear QSAM, but the two additional
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parameters that describe the sigmoidal nonlinearity allow the model to describe both minimum
and maximum activation levels. Notably, this nonlinearity appears to capture much of the

-100 2
0", compared to r* =

remaining nontechnical variance in the induced CRE data (r* =0.72, P < 1
0.67 between the two replicates). For the IFNB enhancer, the best performing models were
those that incorporated dinucleotide interactions, which is consistent with its more complex
architecture, although no model provided more than a modest improvement over the linear
QSAM (up to ¥* =0.10, P < 10™'%). Thus, although linear QSAMs are imperfect representations
of the underlying biological systems, in these cases they appear to provide a reasonable trade-off
between complexity and predictive power.

Linear QSAMs have previously proven useful for engineering regulatory elements in
bacteria. (Jonsson et al., 1993; De Mey et al., BMC Biotechnol. 7, 34, 2007). To explore the
potential for model-based optimization of synthetic regulatory elements in mammals, an attempt
was made to design enhancers with modified activities (Fig. 20).

A ‘greedy’ approach was used in the first attempt to maximize the induced enhancer
activities. For each position, the nucleotide predicted to make the largest activity contribution
according to the corresponding linear model, was selected. This resulted in changing the CRE at
36 of 87 positions (CRE-A1 in Fig. 20A). These changes left the consensus CREB sites intact,
but introduced predicted activating mutations into the flanks of CREB sites 1-3 and into the two
cryptic binding sites. For the IFNB enhancer, modifications were limited to the 44-nt core. This
resulted in changes at 15 positions (IFNB-A1 in Fig. 20C), including conversion of every
nonconsensus IRF half-site to the GAAA consensus and strengthening of the p50 half-site.
These two variants were synthesized and then compared to their wild types using a luciferase
assay. Both new variants had significantly higher induced activities (2.1-fold for CRE-A1, P <
0.0001, and 2.6-fold for IFNB-A1, P < 0.0001; Figs. 20B,D). Notably, the increase for CRE-A1
(2.1-fold) was substantially lower than predicted by the simple linear model (32-fold), but close
to the value predicted by the linear-nonlinear model (1.7-fold). In contrast, the increase for
IFNB-AT1 (2.6-fold) was close to the value predicted by its linear model (2.1-fold). This
difference likely reflects that the wild-type CRE is composed of consensus activator sites and
therefore operates much closer to saturation than the /FNB enhancer. However, both new
variants had disproportionately higher uninduced activities (19-fold for CRE-A1 and 17-fold for
IFNB-AT). This suggests that mutations that increase the induced activity of an enhancer may
often decrease its inducibility, which would likely be detrimental in most biological and

engineering contexts.
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Accordingly, maximization of the inducibility of the two enhancers was attempted. The
induced and uninduced linear QSAMSs were considered simultaneously, and for each position,
the nucleotide predicted to maximize inducibility, without (1) increasing the uninduced activity
or (i1) decreasing the induced activity relative to that of the wild type, was selected. For the CRE,
three variants (CRE-I1 to CRE-I3 in Fig. 20A) were synthesized. CRE-I1 and -12 were predicted
by QSAMs trained on each of the two replicate CRE data sets and contained 10 and 12
substitutions, respectively. CRE-I3 contained only the five substitutions that were shared
between the first two. Only one variant (CRE-12) contained any activating substitutions in the
cryptic motifs near CREB sites 1 and 4. All three variants showed a significant (P < 0.0001)
increase in induced activity without the large decrease in inducibility seen for CRE-A1 (Fig.
20B). Moreover, CRE-I3 showed no increase in uninduced activity, which resulted in a ~25%
increase in inducibility relative to that of the wild type (~44-fold versus ~35-fold). Variants with
similar or higher inducibilities from the original random variants (Fig. 21) could not be isolated.
For the /FNB enhancer, we synthesized one variant containing five substitutions in the core,
none of which modified the nonconsensus sites (IFNB-I1 in Fig. 20C). This variant also showed
increased inducibility relative to that of the wild-type (~100-fold versus ~67-fold).

An additional experiment was performed using the method outlined in Fig. 1C. In this
experiment, tens of thousands of oligonucleotides encoding a tag followed by 142 nucleotide
fragments tiled at 40 nucleotide intervals of the 3” untranslated regions of 114 human genes,
including TDP-43 (Fig. 22). Each variant was linked to one or more distinct tags. These
variants were then cloned in parallel into an expression vector downstream of a synthetic
promoter and an open reading frame encoding a luciferase. The expression vectors were co-
transfected into HEK293 cells that had two days previously been transfected with siRNA
targeting TDP-43 or a non-targeting control siRNA The relative transcriptional activities of the
different variants were determined as described above. Several fragments were found to show
differences in their relative stabilities between the perturbed (TDP-43 siRNA) and control (non-
targeting siRNA) cells.

In summary, these experiments clearly demonstrate the generality of the methodologies
described above and their application to study the composition of a synthetic cis-regulatory
element used in high throughput drug screening. In addition, the two experiments together
demonstrate how variant regulatory elements and nucleotide tags may be combined in different

configurations to facilitate multiple types of experimental design and statistical analyses.
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Methods

Oligonucleotide library design and synthesis: We designed 142-mer oligonucleotides
to contain, in order, the universal primer sitt ACTGGCCGCTTCACTG, an 87-nt variable
sequence, Kpnl/Xbal restriction sites (GGTACCTCTAGA), a 10-nt variable tag sequence and
the universal primer sitt AGATCGGAAGAGCGTCG (Fig. 7). The wild-type CRE sequence
was derived from pGL4.29 (Promega). The wild-type interferon-f3 enhancer sequence was
derived from the NCBI36/hg18 human genome reference assembly. The enhancer variants were
designed as described in ‘Experimental design and mutagenesis strategies’, and 100 distinct
wild-type enhancer-tag pairs were included in each multi-hit pool. The distinct tags were
selected from randomly generated 10-nt sequences, with the following constraints: (i) must
contain all four nucleotides, (ii) must not contain a run of more than four identical nucleotides,
(ii1) must not contain a Kpnl or Xbal restriction site, and (iv) must not contain a known
mammalian microRNA seed sequence (obtained from http://www.targetscan.org, April 2009).

The resulting oligonucleotide libraries were synthesized by Agilent as previously
described (LeProust et al., Nucleic Acids Res. 38, 2522-2540, 2010). Sanger sequencing of
subcloned MPRA plasmids suggested that the synthesis error rate was 1 in 200-300, with small
deletions being the most common failure mode.

Plasmid construction: Oligonucleotide libraries were resuspended in TE 0.1 buffer (10
mM Tris-HCI, 0.1 mM EDTA, pH 8.0) and amplified using 8-12 cycles of PCR using Phusion
High-Fidelity PCR Master Mix with HF buffer (New England Biolabs (NEB)) and primers
ACTGGCCGCTTCACTG and CGACGCTCTTCCGATCT. The resulting PCR products were
selected on the basis of size on 4% NuSieve 3:1 agarose gels (Lonza), purified using QIAquick
Gel Extraction kits (Qiagen) and reamplified with primers
GCTAAGGGCCTAACTGGCCGCTTCACTG and
GTTTAAGGCCTCCGAGGCCGACGCTCTTC to add Sfil sites.

To generate the plasmid backbone for the MPRA constructs, the [uc2 reporter gene was
removed from pGL4.10[luc2] (Promega) by HindIII-Xbal digestion. The 5’ extension of the
HindIII site was filled in with Klenow fragment of DNA polymerase I (NEB) and the Xbal site
was eliminated by treatment with Mung Bean nuclease (NEB). The resulting linear plasmid was
self-ligated to generate cloning vector pGL4.10M.

To insert the variable regions into the MRPA vector, purified oligonucleotide PCR
products were digested with Sfil (NEB) and directionally cloned into Sfil-digested pGL4.10M
using One Shot TOP10 Electrocomp E. coli cells (Invitrogen). To preserve library complexity,

the efficiency of transformation was maintained at >3 x 10® cfu/ug. Isolated plasmid pools were
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digested with Kpnl/Xbal to cut between the enhancer variants and tags, ligated with the 1.78 kb
Kpnl-Xbal fragment of pGLA.23[luc2/minP] (Promega), which contains a minimal TATA-box
promoter and the /uc2 ORF, and then transformed into E. coli as described above. Finally, to
remove vector background, the resultant plasmid pools were digested with Kpnl, size selected on
a 1% agarose gel, self-ligated and re-transformed into E. coli.

For validation of QSAM optimized enhancers, each variant was individually synthesized
with the constant flanking sequences CTGGCCTAACTGGCCGCTTCACTG and
GGTACCTGAGCTCGC (IDT). The oligonucleotides were PCR amplified as described above
with primers CTGGCCTAACTGGCC and GCGAGCTCAGGTACC, cloned into
pGLA.24[luc2P/minP] (Promega) using the In-Fusion PCR Cloning System (Clontech) and
verified by Sanger sequencing before transfection.

Cell culture and transfection: HEK293T/17 cells (ATCC CRL-11268) were cultured in
DMEM (Mediatech) supplemented with 10% FBS and L-glutamine/penicillin/streptomycin.

For transfection of a plasmid pool, 4x10° cells were grown to 40-50% confluence in a 10
cm culture dish. Cells were transfected with 10 ug DNA from each plasmid pool in 1 ml Opti-
MEM I Reduced Serum Medium (Invitrogen) using 30 ul Lipofectamine LTX and 10 ul Plus
Reagent (Invitrogen). The transfection mixtures were removed by media exchange after 5 h.
After 24 h, cells transfected with CRE plasmid pools were treated for 5 h with 100 uM forskolin
(Sigma) in DMSO (induced state) or an equivalent volume of DMSO only (uninduced state).
Cells transfected with /FNB plasmid pools were infected with Sendai virus (ATCC VR-907) at
an MOI of 10 (induced state) or mock infected (uninduced state) for 16 h. Immediately
following these treatments, cells were lysed in RLT buffer (Qiagen) and frozen at —80 °C. Total
RNA was isolated from cell lysates using RNeasy kits (Qiagen).

For transfection of individual validation plasmids, 2.3 x10* cells were seeded into each
well of 96-well plates. Each well was transfected with 15 ul of Opti-MEM® I Reduced Serum
Medium (Invitrogen) containing 100 ng of /uc2 reporter plasmid with CRE- or /FNB-derived
variants and 10 ng of pGL4.73[hRIuc/SV40] (Promega) for normalization, 0.25 uLL
Lipofectamine LTX and 0.1 uL Plus Reagent (Invitrogen). Cells were treated with forskolin or
infected with Sendai virus as described above. Luciferase activities were measured using Dual-
Glo Luciferase Assay (Promega) and an EnVision 2103 Multilabel Plate Reader (PerkinElmer).

Tag-Seq: mRNA was extracted from total RNA using MicroPoly(A)Purist kits (Ambion)
and treated with DNase I using the Turbo DNA-free kit (Ambion). First-strand cDNA was
synthesized from 400-700 ng mRNA using High Capacity RNA-to-cDNA kits (Applied
Biosystems).
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Tag-Seq sequencing libraries were generated directly from 12% of a cDNA reaction or
50 ng plasmid DNA by 26 cycle PCR using Pfu Ultra HS DNA polymerase 2X master mix
(Agilent) and primers
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
T and
CAAGCAGAAGACGGCATACGAGATXXXXXXXXGTGACTGGAGTTCAGACGTGTGC
TCTTCCGATCTCGAGGTGCCTAAAGG (where XXXXXXXX is a library-specific index
sequence). The resultant PCR products were size-selected using 2% agarose E-Gel EX
(Invitrogen). The libraries were sequenced in indexed pools of eight, or individually, using 36-nt
single-end reads on Illumina HiSeq 2000 instruments.

To infer the tag copy numbers in each Tag-Seq library, all sequence reads were
examined, regardless of their quality scores. If the first 10 nt of a read perfectly matched one of
the 13,000 or 27,000 designed tags and the remaining nucleotides matched the expected
upstream MPRA construct sequence, this was counted as one occurrence of that tag. All reads
that did not meet this criterion were discarded. All tags that did not have a count of at least 20 in
every sequenced CRE or IFFNB enhancer plasmid pool were also discarded. The mRNA/plasmid
tag ratios were normalized by multiplying by the ratio of the total number of plasmid and mRNA
tag counts from the corresponding Tag-Seq libraries.

Analysis of single-hit scanning variants: To estimate the relative activity of each
distinct enhancer variant, the median of its 13 mRNA/plasmid tag ratios were compared to the
median of the mRNA/plasmid ratios for tags linked to the corresponding WT enhancer. To
increase the accuracy of this comparison, 65 distinct WT enhancer-tag pairs were included in
each pool design. Significant differences in the median ratios were inferred by applying the
Mann-Whitney U-test to all variant-W'T pairs and then applying the Benjamini-Hochberg
procedure to identify the 5% false discovery rate (FDR) threshold (Benjamini and Hochberg,
J.R. Stat. Soc. B 57, 289-300, 1995).

Analysis of multi-hit sampling variants: Information footprints were generated as
described in Kinney et al. 2010. Briefly, the mRNA/plasmid tag ratios from each transfection
experiment were first quantized by partitioning into five equally sized bins. The mutual
information values between the bases at each position and the quantized activities were then
estimated using the Treves-Panzeri limited sample correction (Treves and Panzeri, Neural
Comput. 7, 399-407, 1995) :

f (b 1)
f(b) f (1)

6
—Wlogze

I(bi;:u) = Zf (bl.,,u)logz
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where D; is the base at the ith position, u is the quantized activity, f{) gives the
corresponding joint and marginal frequency distributions and N is the number of assayed
variants.

Error bars on these values were determined by computing uncorrected mutual

50% .
information estimates *naive (bi:4) for 10,000 random sub-samples that each contained 50% of

the enhancer variants. The uncertainties in /(b;;u) were computed from the variance of these

estimates:

1
Ol(b;; 1) =—=4fvar Irftfz)ilf; bsu
(b3 0) =5 var (13, (b3 )
To identify positions with significant information content, empirical null distributions for

1(b:u) were generated from 10,000 random permutations of the mapping between the
quantized activities and the enhancer variants. The probability of the absence of information at

the ith position was estimated as (n;+1)/10,000, where n; is the number of random permutations

for which 1(b;u) exceeded the original value. The Benjamini-Hochberg procedure was then
applied to identify the 5% FDR threshold (Benjamini and Hochberg, 1995).
Quantitative sequence-activity modeling. The method of ordinary least-squares was used

to train linear QSAMs of the form
log (activity (O')) = ZAbl.xbl.
b,i

where Ay, 1s the activity contribution of base b at the ith position, and x;, is an indicator
variable that is 1 if the enhancer variant o contains base b at the ith position and 0 otherwise.
Other models, including nonlinear QSAMs, are described in Supplementary Note 1.

Model-based optimization of the induced activity of each enhancer was performed by
identifying and synthesizing

arg max activity " (o)

o2

based on the corresponding linear QSAMs (without interaction terms).
Model-based optimization of the inducibility of each enhancer was performed by
identifying and synthesizing
activityeed (o)

arg max
P activity uninduced (G)

based on the corresponding linear QSAMs, with the constraints
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induced induced
Alpduced > A

uninduced uninduced
Ao'i < AWTi

where WTi is the base at the ith position of the wild-type enhancer.

38

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

WO 2012/151503 PCT/US2012/036558

Other Embodiments

All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each independent publication or patent
application was specifically and individually indicated to be incorporated by reference.

While the invention has been described in connection with specific embodiments thereof,
it will be understood that it is capable of further modifications and this application is intended to
cover any variations, uses, or adaptations of the invention following, in general, the principles of
the invention and including such departures from the present disclosure that come within known
or customary practice within the art to which the invention pertains and may be applied to the
essential features hereinbefore set forth, and follows in the scope of the claims.

Use of singular forms herein, such as “a” and “the,” does not exclude indication of the
corresponding plural form, unless the context indicates to the contrary. Similarly, use of plural
terms does not exclude indication of a corresponding singular form. Other embodiments are
within the scope of the claims.

What is claimed is:
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CLAIMS

1. A plurality of expression vectors, wherein
each of said expression vectors comprises a nucleic acid regulatory element, an open
reading frame, and an identifying nucleic acid tag;
the open reading frame of each of said plurality of expression vectors is identical;
the plurality of expression vectors comprise a plurality of distinct nucleic acid regulatory
elements; and
each of said identifying tags is paired with a corresponding nucleic acid regulatory

element.

2. A population of cells comprising expression vectors which comprise a nucleic acid regulatory
element, an open reading frame, and an identifying nucleic acid tag; wherein
the open reading frame of each of said plurality of expression vectors is identical;
the plurality of expression vectors comprise a plurality of distinct nucleic acid regulatory
elements; and
each of said identifying tags is paired with a corresponding nucleic acid regulatory

element.

3. The plurality of expression vectors of claim 1, wherein each identifying tag comprises a
sequence that is unique over a stretch of at least ten nucleotides as compared to the

remaining nucleic acid tags.

4. The plurality of expression vectors of claim 1, wherein each identifying tag is at least ten

nucleotides in length.

5. The plurality of expression vectors of claim 1, wherein said each expression vector further

comprises an identical stretch of nucleotides located 3’ to the identifying nucleic acid tag.

6. The plurality of expression vectors of claim 5, wherein said identical stretch of nucleotides

comprises a transcriptional terminator or poly-adenylation signal.

7. 'The plurality of expression vectors of claim 1, wherein each distinct nucleic acid regulatory

element corresponds to a single distinct nucleic acid tag.

8. The plurality of expression vectors of claim 1, wherein each distinct nucleic acid regulatory

element corresponds to two or more nucleic acid tags.
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9. The plurality of expression vectors of claim 1, wherein said open reading encodes a

fluorescent protein or a luciferase.

10. The plurality of expression vectors of claim 1, wherein said nucleic acid regulatory element

is located 5’ of said open reading frame.

11. The plurality of expression vectors of claim 1, wherein said nucleic acid regulatory element

is located 3’ of said open reading frame.

12. The plurality of expression vectors of claim 1, wherein each distinct regulatory element is a
variant of a single regulatory element and each distinct regulatory element differs from
the remaining distinct regulatory elements by a single nucleotide substitution, deletion, or

insertion.

13. The plurality of expression vectors of claim 12, wherein among said distinct regulatory
elements are regulatory elements comprising single nucleotide substitutions of every

nucleotide of said single regulatory element.

14. The plurality of expression vectors of claim 1, wherein each distinct regulatory element
differs from the remaining distinct regulatory elements by two or more single nucleotide

substitutions, deletions, insertions, or combinations thereof.

15. A method of determining individual activities of a plurality of nucleic acid regulatory
elements, the method comprising:
introducing the plurality of expression vectors of any one of claims 1 and 3-14 into cells
in which said open reading frames and said tags are expressed; and
determining expression of said tags expressed in the cells; wherein the amount of each
tag detected is an indication of the activity of a corresponding nucleic acid regulatory

element.

16. The method of claim 15, further comprising isolating mRNA from said cells prior to said

determining the amount of said tags expressed in said cells.
17. The method of claim 16, wherein said mRNA isolated by poly-A isolation.

18. The method of claim 17, further comprising first strand cDNA synthesis using said isolated

mRNA as a template.
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19. The method of claim 18, wherein said determining the amount of said tags expressed in the
cells comprises quantitatively sequencing the nucleic acid molecules resulting from said

cDNA synthesis.

20. The method of claim 19, further comprising determining the amount of each tag in said
plurality of expression vectors by quantitatively sequencing said plurality of expression

vectors.

21. The method of claim 20, further comprising normalizing the amount of said tags expressed in

the cells against the amount of each of said tags in said plurality of expression vectors.

22. The method of claim 16, wherein said determining the amount of said tags expressed in the
cells comprises determining the quantity of mRNA hybridized to nucleic acid molecules

complementary to said tags.

23. The method of claim 15, wherein each distinct regulatory element is a variant of a single
regulatory element and each distinct regulatory element differs from the remaining
distinct regulatory elements by a single nucleotide substitution, deletion, or insertion; and
wherein among said distinct regulatory elements are regulatory elements comprising

single nucleotide substitutions of every nucleotide of said single regulatory element.

24. The method of claim 23, further comprising determining individual activities of a plurality
of nucleic acid regulatory elements, wherein said plurality of nucleic acid regulatory
elements comprises regulatory elements that differ from said single regulatory element
by one or more transversions or transpositions of stretches of nucleic acid sequences of

greater than 4 nucleotides.

25. A method of determining individual activities of a plurality of nucleic acid regulatory
elements, the method comprising:
providing the population of cells of claim 2 and determining the amount of said tags
expressed in the cells; wherein the amount of each tag detected is an indication of the

activity of a corresponding nucleic acid regulatory element.

26. A plurality of nucleic acid constructs comprising a plurality of distinct nucleic acid

regulatory elements; wherein each of said constructs comprises an identifying nucleic

acid tag, a restriction enzyme site, and a corresponding nucleic acid regulatory element;
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and wherein said restriction enzyme site is located between said nucleic acid regulatory

element and said tag.

27. The plurality of nucleic acid constructs of claim 26, wherein said construct further

comprises an identical stretch of nucleotides located 3’ to the identifying nucleic acid tag.

28. A plurality of nucleic acid constructs comprising a plurality of distinct nucleic acid
regulatory elements; wherein each of said constructs comprises an identifying nucleic
acid tag and a corresponding nucleic acid regulatory element; and wherein said tag is

located upstream of said nucleic acid regulatory element.

29. A method of determining individual activities of a plurality of nucleic acid regulatory
elements, the method comprising:
providing the plurality of nucleic acid constructs of any one of claim 26-28;
inserting said nucleic acid constructs into expression vectors, wherein the resulting
expression vectors each comprise at least one of said regulatory elements, at least one
open reading frame, and at least one of said tags;
introducing said resulting expression vectors into cells in which said open reading {rames
and said tags are expressed; and
determining the amount of said tags expressed in the cells; wherein the amount of each
tag detected is an indication of the activity of a corresponding nucleic acid regulatory

element.

30. The method of claim 29, further comprising identifying variants of a nucleic acid regulatory
element that have higher individual activities or higher relative differences in individual
activities than said nucleic acid regulatory element, the method comprising:
determining the amount of said tags expressed in one or more cell population or
experimental condition; wherein the amount of each tag detected is an indication of the
activity of a corresponding nucleic acid regulatory element in each cell population or
experimental condition; and determining the combined individual activities of each
variant of said nucleic acid regulatory element from said cell populations or experimental
conditions to identify variants that have higher individual activities or higher relative

differences in individual activities than said nucleic acid regulatory element.

31. A method of determining individual activities of a plurality of nucleic acid regulatory

elements, the method comprising:
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providing a plurality of expression vectors, wherein the expression vectors each comprise
at least one open reading frame and an identifying nucleic acid tag;

introducing into said plurality of expression vectors a plurality of distinct nucleic acid
regulatory elements;

introducing said resulting expression vectors into cells in which said open reading {rames
and said tags are expressed; and

determining the amount of said tags expressed in the cells; wherein the amount of each
tag detected is an indication of the activity of a nucleic acid regulatory element

corresponding to the expression vector having said tag.

32. The method of claim 31, further comprising identifying variants of a nucleic acid regulatory
element that have higher individual activities or higher relative differences in individual
activities than said nucleic acid regulatory element, the method comprising:
determining the amount of said tags expressed in the cells in one or more cell population
or experimental condition; wherein the amount of each tag detected is an indication of
the activity of a corresponding nucleic acid regulatory element in each cell population or
experimental condition; and determining the combined individual activities of each
variant of said nucleic acid regulatory element from said cell populations or experimental
conditions to identify variants that have higher individual activities or higher relative

differences in individual activities than said nucleic acid regulatory element.

33. A kit for determining the individual activities of a plurality of nucleic acid regulatory
elements; said kit comprising an expression vector, a restriction enzyme, a nucleic acid
construct encoding an open reading frame, reaction buffers, and instructions for:

providing the plurality of nucleic acid constructs of any one of claims 26-28,

inserting said nucleic acid constructs into said expression vector, wherein the
resulting expression vectors each comprise at least one of said regulatory elements and at
least one of said tags; and

inserting said open reading frame into said expression vector.

34. The kit of claim 33, further comprising instructions for introducing said resulting expression
vectors into cells in which said open reading frames and said tags are expressed; and
determining the amount of said tags expressed in the cells; wherein the amount of each
tag detected is an indication of the activity of a corresponding nucleic acid regulatory

element.
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35. The kit of claim 33, further comprising instructions for introducing said resulting expression
vectors into two or more populations of cells in which said open reading frames and said
tags are expressed; determining the amount of said tags expressed in the cells; wherein
the amount of each tag detected in each cell population is an indication of the activity of
a corresponding nucleic acid regulatory element in that cell population; and ranking the
nucleic acid regulatory elements by their individual activities or relative differences in

individual activities within or between said cell populations.

36. The kit of any one of claim 34-35, further comprising said cells into which said expression

vectors are introduced.

37. A kit for determining the individual activities of a plurality of nucleic acid regulatory
elements; said kit comprising the plurality of expression vectors of any one of claims 1
and 3-14, reaction buffers, and instructions for introducing the plurality of expression
vectors of any one of claims 1 and 3-14 into a population of cells and determining the
amount of said tags expressed in the cells; wherein the amount of each tag detected is an

indication of the activity of a corresponding nucleic acid regulatory element.

38. A kit for determining the individual activities of a plurality of nucleic acid regulatory
elements; said kit comprising two or more distinct pluralities of expression vectors of any
one of claims 1 and 3-14, reaction buffers, and instructions for introducing each of the
pluralities of expression vectors of any one of claims 1 and 3-14 into distinct populations
of cells, combining the cells or RNA extracted from the cells, and determining the
amount of said tags expressed in the cells; wherein the nucleic acid sequence of each tag
detected is an indication of the cell population it was expressed in and the amount of each
tag detected is an indication of the activity of a corresponding nucleic acid regulatory

element in said population of cells.

39. A system for determining individual activities of a plurality of nucleic acid regulatory
elements comprising:
the population of cells of claim 2;
reagents for isolating mRNA generated in said cells;
reagents for performing first strand cDNA synthesis using the isolated mRNA as a

template; and

45

SUBSTITUTE SHEET (RULE 26)



WO 2012/151503 PCT/US2012/036558

a sequencing apparatus, wherein a mixture of tagged transcripts is analyzed in the same

experiment by identifying populations of transcripts according to their tags.
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