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MASSIVELY PARALLEL COMBINATORIAL GENETICS

GOVERNMENT INTEREST
This invention was made with government support under Grant No. DP2 OD008435
awarded by the National Institutes of Health. The government has certain rights in this

invention.

FIELD OF THE INVENTION
The invention relates to methods and compositions for the rapid generation of high-

order combinations of genetic elements and the facile identification of genetic elements.

BACKGROUND OF INVENTION

Biology has perennially been limited by the inability to generate complex cellular
perturbations. Previous studies have screened for desired phenotypes using only single gene
overexpression studies (Kitagawa et al. (2005) DNA Research 12:291-9; Soo et al. (2011)
Proc Natl Acad Sci USA 108:1484-9) and single gene knockout studies, as well as a limited
set of double-knockout studies (Butland et al. (2008) Nature Methods 5:789-95; Pan et al.
(2004) Molecular Cell 16:487-96; Tong et al. (2004) Science 303:808-13). These methods,
however, are not scalable to generating higher-order combinations of perturbations,
preventing a more powerful and complex interrogation of networks. Furthermore, these
methods are not easily scalable to generating more than a few thousand combinations. This
prevents the screening and study of millions of combinations in a high-throughput pooled
fashion, instead relying on well- or colony-based screening. Finally, these methods are not

designed to enable rapid characterization of specific combinations.

SUMMARY OF INVENTION

Described herein are methods and compositions that enable the rapid generation of
high-order combinations of genetic elements and that provide a barcoded basis for rapid
characterization of the specific combination of genetic elements encoded within a single cell
or in a pooled population. These novel approaches carry broad implications for multiple
fields, enabling a vast set of investigations where generating combinations of genetic
elements is informative and productive. This technology can yield new insights into complex
phenotypes and emergent network properties which have previously been inaccessible to

study.
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Aspects of the invention relate to a genetic construct comprising: a DNA element; a
first compatible end element and a second compatible end element flanking the DNA
element, wherein the first and second compatible end elements are capable of annealing to
each other; a barcode element; a third compatible end element and a fourth compatible end
element flanking the barcode element, wherein the third and fourth compatible end elements
are capable of annealing to each other but are not capable of annealing to the first or second
compatible end elements; and a separation site located between the fourth compatible end
element and the first compatible end element, wherein the DNA element, first compatible end
element and second compatible end element are on one side of the separation site, and the
barcode element, third compatible end element and fourth compatible end element are on the
other side of the separation site.

Further aspects of the invention relate to a genetic construct comprising: a plurality of
DNA elements; a first compatible end element and a second compatible end element flanking
the plurality of DNA elements, wherein the first and second compatible end elements are
capable of annealing to each other; a plurality of barcode elements; a third compatible end
element and a fourth compatible end element flanking the plurality of barcode elements,
wherein the third and fourth compatible end elements are capable of annealing to each other
but are not capable of annealing to the first or second compatible end elements; and a
separation site located between the plurality of DNA elements and the plurality of barcode
elements.

Further aspects of the invention relate to a method for generating a combinatorial
genetic construct, comprising: providing a vector containing a first genetic construct
associated with the invention; cleaving the vector at the separation site within the first genetic
construct, resulting in the first genetic construct being separated into first and second
segments; providing a second genetic construct associated with the invention; and annealing
the second genetic construct to the cleaved vector, wherein the annealing occurs at
compatible end elements within the first and second genetic constructs that are capable of
annealing to each other, and wherein after annealing, the second genetic construct is
integrated between the first and second segments of the first genetic construct, creating a
combinatorial genetic construct. In some embodiments, the method is iterative.

Further aspects of the invention relate to methods for identification of a DNA element
or a plurality of DNA elements, comprising: providing a genetic construct associated with the
invention; conducting an assay to determine the DNA sequence of the barcode or plurality of

barcodes within the genetic construct and/or the DNA sequence of the DNA element or
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plurality of DNA elements within the genetic construct; and identifying the DNA element or
plurality of DNA elements.

Further aspects of the invention relate to a library comprising: two or more genetic
constructs associated with the invention.

Further aspects of the invention relate to methods for generating a combinatorial
genetic construct, comprising: providing a vector comprising: a first DNA element, a first
barcode element, and two site-specific recombination elements located between the first
DNA element and the first barcode element; providing a first insert comprising: a second
DNA element, a second barcode element, and site-specific recombination elements flanking
each of the second DNA element and the second barcode element, such that two site-specific
recombination elements are located between the second DNA element and the second
barcode element that are not compatible with the site-specific recombination elements within
the vector, and two site-specific recombination elements are located outside of the second
DNA element and the second barcode element that are compatible with the site-specific
recombination elements within the vector; conducting site specific recombination between
the vector and the first insert, wherein the site specific recombination occurs between the site-
specific recombination elements within the vector located between the first DNA element and
the first barcode element and the compatible site-specific recombination elements within the
first insert located outside of the second DNA element and the second barcode element, and
wherein following site-specific recombination, the first insert is located within the vector, and
the vector contains multiple DNA elements and multiple barcode elements, with two site-
specific recombination elements located between the multiple DNA elements and the
multiple barcode elements; providing a second insert comprising: a third DNA element, a
third barcode element, and site-specific recombination elements flanking each of the third
DNA element and the third barcode element, such that two site-specific recombination
elements are located between the third DNA element and the third barcode element that are
not compatible with the two site-specific recombination elements located between the
multiple DNA elements and the multiple barcode elements of the vector, and two site-specific
recombination elements are located outside of the third DNA element and the third barcode
element that are compatible with the two site-specific recombination elements located
between the multiple DNA elements and the multiple barcode elements of the vector;
conducting site specific recombination between the vector and the second insert, wherein the
site specific recombination occurs between the site-specific recombination elements within

the vector located between the multiple DNA elements and the multiple barcode elements
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and the compatible site-specific recombination elements within the second insert located
outside of the third DNA element and the third barcode element, and wherein following site-
specific recombination, the second insert is located within the vector, and the vector contains
multiple DNA elements and multiple barcode elements, with two site-specific recombination
elements located between the multiple DNA elements and the multiple barcode elements; and
repeating the site-specific recombination an n™ number of times, alternating between site-
specific recombination between the vector and the first insert and site-specific recombination
between the vector and the second insert, thereby creating a combinatorial genetic construct.

Further aspects of the invention relate to a combinatorial genetic construct produced
by such methods. Further aspects of the invention relate to a method for identification of a
DNA element or a plurality of DNA elements within such a combinatorial genetic construct,
comprising: providing a combinatorial genetic construct; conducting an assay to determine
the DNA sequence of one or more barcode elements within the combinatorial genetic
construct and/or the DNA sequence of one or more DNA elements within the combinatorial
genetic construct; and identifying the DNA element or plurality of DNA elements.

Further aspects of the invention relate to methods for generating a combinatorial
genetic construct, comprising: providing a vector comprising: a first DNA element, a first
barcode element, and a recognition site for a first restriction enzyme located between the first
DNA element and the first barcode element; providing an insert comprising: a second DNA
element, a second barcode element, a recognition site for the first restriction enzyme located
between the second DNA element and the second barcode element, and two recognition sites
for one or more restriction enzymes that are distinct from the first restriction enzyme located
outside of the second DNA element and second barcode element, such that restriction
digestion at the recognition site within the vector and at the two recognition sites located
outside of the second DNA element and second barcode element within the insert generates
compatible ends; digesting the vector and insert with restriction enzymes; annealing the insert
to the vector, thereby producing a combinatorial genetic construct containing multiple DNA
elements and multiple barcode elements; and optionally repeating the method an n™ number
of times.

Further aspects of the invention relate to a combinatorial genetic construct produced
by such methods. Further aspects of the invention relate to methods for identification of a
DNA element or a plurality of DNA elements within such a combinatorial genetic construct,
comprising: providing a combinatorial genetic construct; conducting an assay to determine

the DNA sequence of one or more barcode elements within the combinatorial genetic
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construct and/or the DNA sequence of one or more DNA elements within the combinatorial

genetic construct; and identifying the DNA element or plurality of DNA elements.

These and other aspects of the invention, as well as various embodiments thereof, will
become more apparent in reference to the drawings and detailed description of the invention.

Each of the limitations of the invention can encompass various embodiments of the
invention. It is, therefore, anticipated that each of the limitations of the invention involving
any one element or combinations of elements can be included in each aspect of the invention.
This invention is not limited in its application to the details of construction and the
arrangement of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of being

carried out in various ways.

BRIEF DESCRIPTION OF DRAWINGS
The accompanying drawings are not intended to be drawn to scale. In the drawings,
each identical or nearly identical component that is illustrated in various figures is
represented by a like numeral. For purposes of clarity, not every component may be labeled

in every drawing. In the drawings:

FIG. 1 presents a schematic depicting non-limiting embodiments of the invention.
FIG 1A shows the creation of a unique barcoded construct for each unique DNA element.
FIG. 1B shows that genetic constructs associated with aspects of the invention can give rise
to a vector (e.g., via restriction enzyme cleavage) and to a homologous insert (e.g., via PCR).
Compatible ends can anneal and become ligated. FIG. 1C shows that combinatorial
constructs associated with aspects of the invention allow rapid identification of DNA
elements via sequencing of the unique barcodes (arrow), and retention of separation sites to

allow for further insertions.

FIG. 2 demonstrates combinations of a single unique element with itself. FIG. 2A
depicts gel electrophoresis of an uncut plasmid showing an increase of approximately ~1kb
with each addition, corresponding to the length of the insertion. FIG. 2B depicts a restriction

digest at two sites flanking the construct region, showing increasing lengths.
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FIG. 3 depicts combination and functional expression of mCherry and GFP
constructs. Fluorescent images are depicted using filters for mCherry (FIG. 3A), GFP (FIG.
3B), and overlaid (FIG. 3C).

FIG. 4 depicts sequencing results and alignment of four clones from a combinatorial
reaction. Sequence annotations are shown at the bottom. Darkly shaded sequences represent
unique portions of the barcode. All four possible permutations of two barcoded constructs

were recovered, along with preservation of the Xbal Separation Site on the right.

FIG. 5 depicts restriction site conception technology associated with aspects of the
invention. Restriction enzymes BamHI and BglII generate compatible overhangs that, when
ligated, form a scar not recognized by either enzyme. The separation site consists of Bglll
and EcoRI restriction sites. Digesting the vector and insert with different restriction enzymes

allows insertion of the insert with retention of the Separation Site for further combinations.

FIG. 6 depicts facile generation of higher-order combinations. FIG. 6A shows
verified sequences for pairwise, 3x, and 4x combinations from individual colonies. Spel and
Avrll restriction sites flank the barcode region. FIG. 6B shows restriction digestion of
plasmid isolates for a barcoded gene alone (1x), and 2x-4x combinations. Each plasmid was
digested to separate the variable combinatorial region (indicated by dots) from the constant

remainder of the vector.

FIG. 7 depicts quantitative assessment of GFP and mCherry combinations via
restriction site assembly. Samples #1-24 are colonies isolated from the transformation of the
combinatorial library into E. coli DH5a cells. GFP-GFP combinations are represented by
samples #1, 8, 14, 15, 16, 18, 21, 22, and 24; mCherry-mCherry combinations by #7, 10, 11,
17, 20; GFP & mCherry combinations by #2-6, §, 12, 13, 19, 23.

FIG. 8 depicts barcode stitching. Barcodes are placed on either end of DNA elements
and fused together. This strategy is limited to pairwise combinations and requires separate
libraries for each piece. This Figure is adapted from Merryman (2012) Metabolic
Engineering 14:196-204.
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FIG. 9 depicts Gateway® cloning technology that allows for the transfer of DNA
without cleavage of DNA (from http://wolfson.huji.ac.il/expression/gatewayman.pdf).

FIG. 10 depicts a non-limiting example of Multisite Gateway® Pro cloning
technology for assembling multiple inserts within one genetic construct (from

website:pfgre.jevi.org/index.php/gateway_clones/about_knockoutclones.html).

FIG. 11 depicts a non-limiting embodiment whereby two vector libraries with unique
recombination sequences can generate, via PCR, two insert libraries with recombination
sequences flanking the DNA element and the barcode element within each insert. att
recombination sequences are represented by B, P, L or R. BC = Barcode, DNA = DNA

element.

FIG. 12 depicts iterative generation of higher order combinations via recombination-
mediated combinatorial genetics using one vector library and two insert libraries. The
iterative process alternates between the two insert libraries. Barcodes are in immediate
proximity to one another, allowing determination of the barcodes and therefore the identity of

downstream DNA elements.

FIG. 13 depicts a non-limiting embodiment whereby the two recombination
sequences in the middle of a genetic construct are orthogonal to the ends at all times to avoid

self-recombination.

FIG. 14 depicts a non-limiting embodiment of the invention whereby the reactive
ends (B1 + B2, L3 + L4) are added by PCR. This embodiment avoids the vector eventually

reacting with itself.

FIG. 15 depicts a non-limiting embodiment of Massively Parallel Combinatorial
Genetics using a single enzyme separation site. In this embodiment, a single enzyme,
Enzyme 1, cleaves at the separation site of the vector, generating a 3-base 3’ overhang. The
barcode element and DNA element within the insert are flanked by restriction sites for a
different enzyme, Enzyme 2, which generates a compatible overhang with Enzyme 1.
Digestion and ligation of the vector and insert produces a vector containing the insert, with a

restriction site for Enzyme 1 maintained in the vector.
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FIG. 16A depicts a non-limiting embodiment of a Massively Parallel Combinatorial
Genetics assembly strategy. Transcription factor (TF) expression constructs are barcoded
(BC), and four restriction sites (1A, 1B, 2A, 2B) are positioned as shown. The pairs, 1A/1B
and 2A/2B, are unique restriction sites that generate compatible overhangs within one pair
but are incompatible with the other pair. The barcoded vectors are pooled and digested with
enzymes 1B + 2A. Inserts are generated from vectors by PCR and digested with 1A + 2B.
FIG. 16B depicts distribution of high-throughput sequencing reads among combinations in
the pairwise library. FIG. 16C depicts expression of a Massively Parallel Combinatorial
Genetics constructs. All four pairwise combinations of GFP and mCherry constructs and
single GFP and mCherry constructs were induced with aTc at 250 ng/mL and assessed by

flow cytometry.

FIG. 17 depicts a plasmid map showing a single gene expression construct (GFP)
barcoded and flanked by restriction sites for Massively Parallel Combinatorial Genetics

library assembly.

FIG. 18A depicts a non-limiting embodiment of a Massively Parallel Combinatorial
Genetics method. E. coli NDM-1 cells containing a Massively Paralle] Combinatorial
Genetics library are diluted into cultures with and without aTc and grown to mid-log. Each
culture is then further diluted into cultures with and without antibiotic and with and without
aTc. DNA from each condition is harvested at early log and late log growth stages and
processed for high-throughput sequencing. Comparisons of combination abundances among
different conditions reveal genotypes leading to desired phenotypes. FIG. 18B depicts a “hit”
overview heat map. Hierarchical clustering of combination S-scores across experiments
shows profiles of different phenotypes. Area marked synergy shows combinations that drop
out upon addition of both ceftriaxone and aTc. The opposite, growth, shows combinations

that are relatively overrepresented upon addition of both ceftriaxone and aTc.

FIG. 19 depicts hierarchical clustering of gene combinations and reciprocals.
Numbers 1-8 denote gene pairs corresponding to those in Figure 18B. R denotes the
reciprocal arrangement of the gene pair. Gene pairs conferring the same phenotype and their

reciprocals cluster together.
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FIG. 20A depicts graphs showing synergy for NDM-1 antibiotic susceptibility
phenotypes. NDM-1 antibiotic susceptibility phenotypes. FIG. 20B depicts graphs showing
controls for NDM-1 antibiotic susceptibility phenotypes. Combinations show minor
potentiation of ceftriaxone. The onset of action of eCFP + norR is delayed compared to adiY
+ marA. FIG. 20C depicts graphs showing growth advantage for NDM-1 antibiotic
susceptibility phenotypes. Combinations show minimal effect upon induction throughout the

course of the experiment.

FIGs. 21A and 21B depict graphs showing antibiotic susceptibility of individual

genes.

FIG. 22 depicts hierarchical clustering across the antibiotics ceftriaxone, imipenem,
piperacillin-tazobactam and gentamicin. High-treatment of beta-lactams cluster together,

separately from gentamicin.

FIG. 23A depicts graphs showing that combinations potentiate antibiotic lethality by
4-6 orders of magnitude when induced and suppress growth for over 10 hours. FIG. 23B
depicts graphs showing that random lethal combinations such as cadC + allR show
significantly less potent amplification of ceftriaxone and less sustained growth suppression
over time. FIG. 23C depicts graphs showing that forR and metR individually show
significantly weaker amplification of ceftriaxone compared to the combination forR + metR.
FIG. 23D depicts graphs showing that phagemids containing torR + metR and nhaR + melR

infecting NDM1 cells show amplified killing of cultures with ceftriaxone and induction.

FIG. 24 depicts graphs of fluorescent induction curves.

FIG. 25 depicts hierarchical clustering of top hits across all antibiotic-aTc conditions.
6311 gene pairs show at least one S-score above 2.4 or below -2.4, where 2.4 is three times
the standard deviation of the S-score population distribution. Euclidean correlation with
average linkage has been employed in clustering analysis. Hits for the beta-lactams
imipenem, ceftriaxone, and piperacillin-tazobactam in the presence of aTc cluster together

(red bracket), separately from gentamicin.
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FIG. 26 depicts a graph showing a lower complexity tri-wise combinatorial library
combining 189 x 187 x 18 genes. Out of 636174 possible combinations, 582,433 unique
combinations (92% of all possible combinations) were recovered from approximately 30

million sequencing reads.

FIG. 27 depicts a graph showing a higher complexity tri-wise combinatorial library
combining 189 x 187 x 187 genes. Out of 6,609,141 possible gene combinations, 4,042,316

combinations (61%) were recovered from approximately 20 million sequencing reads.

FIG. 28 depicts genetic screening strains generated by integrating multiple tandem
copies of aSyn with a galactose (Gal)-inducible promoter. The expression of combinatorial
libraries was controlled by the Tet-ON inducible system. The experiments were designed to
recover genetic combinations that contribute to cell survival with Gal and doxycycline (Dox)

treatment.

FIG. 29 depicts a single expression construct of a unique barcode (BC) and four
restriction sites. The barcoded vectors are pooled and digested with enzymes AvrlIl + Notl.
Inserts are generated by digestion with Spel + PspOMI. A one-pot ligation reaction produces

a pairwise combinatorial library.

FIG. 30 depicts a graph showing quantitative analysis of gene expression of pairwise
combinations of eGFP and mCherry constructed by Massively Parallel Combinatorial

Genetics and P2A strategies.

FIG. 31 depicts a massively parallel combinatorial genetic screen by RNA-guided

transcriptional programming.

FIG. 32 depicts a massively parallel combinatorial genetic screen of genetic

knockdowns.

FIG. 33 depicts lentiviral vector designs. Tandem transcriptional units expressing
precursor-miR along with a GFP gene driven by CMVp and/or a miR sensor sequence (e.g.,
four repeats of the miR’s complementary target sequences) at the 3' UTR of a RFP gene

driven by Ubcp were constructed in a lentiviral vector backbone. Ubcp, human ubiquitin C
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promoter; CMVp, human cytomegalovirus promoter; RFP, red fluorescent protein; GFP,

green fluorescent protein.

FIG. 34 depicts graphs showing precursor-miR expression in HEK293T cells.
Lentiviruses containing tandem transcriptional units expressing three different precursor-
miRs (i.e., miR-124, miR-128 and miR132) along with a GFP gene driven by CMVp and/or a
miR sensor sequence at the 3°’UTR of a RFP gene driven by Ubcp were used to infect
HEK293T cells. Percentage of RFP" cells over GFP" cells was determined by flow cytometer
after gating with forward and side scatter. HEK293T; 4-day post-infection.

FIG. 35 depicts graphs showing precursor-miR expression in primary human dermal
fibroblast (HDF) cells. Lentiviruses containing tandem transcriptional units expressing two
different precursor-miRs (i.e., miR-128 and miR132) (SEQ ID NO:1) along with a GFP gene
driven by a CMV promoter (CMVp) and/or a miR sensor sequence at the 3' UTR of an RFP
gene driven by Ubcp were used to infect HDF cells. Percentage of RFP cells over GFP*
cells was determined by flow cytometer after gating with forward and side scatter.

HEK?293T; 7-day post-infection.

FIG. 36 depicts graphs showing combinatorial precursor-miR expression in HEK293T
cells. Lentiviruses containing tandem transcriptional units expressing individual or
combinatorial precursor-miRs (i.e., miR-128, miR-132, or miR-128-132) along with a GFP
gene driven by CMVp and/or a miR sensor sequence at the 3" UTR of a RFP gene driven by
Ubcp were used to infect HEK293T cells. Percentage of RFP" cells over GFP" cells was
determined by flow cytometer after gating with forward and side scatter. HEK293T; 4-day

post-infection.

FIG. 37 depicts graphs showing combinatorial precursor-miR expression in primary
HDF cells. Lentiviruses containing tandem transcriptional units expressing individual or
combinatorial precursor-miRs (i.e., miR-128, miR-132, or miR-128-132) along with a GFP
gene driven by CMVp and/or a miR sensor sequence at the 3’UTR of a RFP gene driven by
Ubcp were used to infect HDF cells. Percentage of RFP* cells over GFP" cells was
determined by flow cytometer after gating with forward and side scatter. HEK293T; 7-day

post-infection.
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FIG. 38 depicts a map of a vector containing mir-128 and mir-132 in tandem.

DETAILED DESCRIPTION

Described herein is a novel technology, termed Massively Parallel Combinatorial
Genetics, which overcomes obstacles that have limited fields such as genetics and systems
biology. The invention is based, at least in part, on the surprising discovery of methods and
compositions that enable the rapid generation of high-order combinations of genetic elements
and the rapid identification of combinations leading to a desired phenotype. This technology
enables new research methods and is broadly applicable.  The approach described herein
presents significant advantages over previous methods, including flexibility of genetic
perturbation allowed, ease of use, and rapid scalability to high order combinations.

In the past, large-scale systematic perturbation studies have been limited to low-
complexity perturbations. For example, the ASKA library is a library of single-gene
overexpression models for all ~4000 open reading frames (“ORFs”) in the E. coli genome.
The ORFs are plasmid-based and arrayed on a large number of plates. Studies have screened
this single overexpression library for desired phenotypes, such as antibiotic resistance, and
identified clones through individual sequencing (Soo et al. (2011) Proc Natl Acad Sci USA
108:1484-9). A pairwise combinatorial strategy could theoretically be derived from this
approach by generating another ORF library on a plasmid with a different selection marker,
and co-transforming a strain with one member of the ASKA library and one member of the
new library. However, an attempt to generate all ~16 million pairwise ORF combinations
would immediately be impeded by scale limitations. This is even more apparent when
generating higher-order combinations; for example, the low efficiency of simultaneous
transformation of multiple vectors and the low number of unique selection markers prevent
high-order combinations.

Similar impediments affect previous approaches to combinatorial knockouts. Single-
gene knockout libraries have been generated for E. coli (e.g., KEIO library) and for S.
cerevisiae. Barcoded libraries allow pooled screening when paired with high-throughput
sequencing. However, there has been no efficient method of generating double-gene
knockout libraries. The Synthetic Genetic Array (Tong et al. (2004) Science 303:808-13)
employs yeast mating to generate double knockouts in a plate-based format; a similar method
has been reported in E. coli (Butland et al. (2008) Nature Methods 5:789-95). However,

because mating occurs where two unique strains are co-spotted on a plate, scaling beyond
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thousands of combinations is impractical. Furthermore, each subsequent experiment requires
a laborious process of re-plating the cells.

Combinations of genetic elements have been useful in several specific applications,
such as transcription factors in stem cell differentiation. In the past, the typical method has
been to co-transfect a cell type with many individual transcription factors and observe
differentiation; each member of this pool is then removed one by one until the minimal set to
induce differentiation is identified (Son et al. (2011) Cell Stem Cell 9:205-18). This method
is laborious, as each unique combination requires a separate experiment, and has low
efficiency, as it requires co-transfection with many individual elements. These problems are
compounded by the fact that differentiation phenotypes are often observed weeks after
transfection.

Recent work has illustrated the concept of back-to-back barcode “stitching”
(Merryman (2012) Metabolic Engineering 14:196-204; Roth et al. (US Patent Publication
No. US 2009/0098555)) wherein two DNA elements with barcodes at the 3° end and 5’ end
respectively are fused together, placing two barcodes in proximity (FIG. §). Methods used to
accomplish this include PCR overlap and Gibson assembly. The proximity allows
combinations to be tracked via sequencing. However, the strategy of that approach is not
scalable beyond pairwise combinations. Furthermore, each barcoded piece requires
construction of a separate library instead of utilizing the same insert library iteratively.

The Massively Parallel Combinatorial Genetics approach described herein offers
multiple advantages relative to previous methods. It enables the rapid generation of
combinatorial sets of a variety of genetic elements, such as transcription factors.
Furthermore, this technology enables the pooled screening of multiple combination orders
(e.g., pairwise, tri-wise, and n-wise combinations can be pooled and screened together
simultaneously), identifying minimal combinations needed for a given application.

A further advantage of technology described herein over past methods is its flexibility
in the type of DNA perturbation. Past methods, such as the Synthetic Genetic Array method,
for example, are suitable for one technique, such as for generating knockouts, but are not
suitable for other types of perturbation. By contrast, technology described herein enables
unprecedented combinations of gene overexpression and knockdowns. A further advantage
over past methods is that the approach described herein is scalable beyond pairwise
combinations.

Aspects of the Massively Parallel Combinatorial Genetics approach relate to genetic

constructs that include one or more DNA element(s) and one or more barcode element(s),
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wherein each specific DNA element is associated with a unique barcode element. As used
herein, association between a specific DNA element and a unique barcode element means
that a specific DNA element and a unique barcode element are always contained within the
same genetic construct. Accordingly, the presence of a unique barcode element within a
genetic construct indicates that the associated specific DNA element is also present within the
same genetic construct.

It should be appreciated that a DNA element can include any piece of DNA and can
have any function or sequence. In some embodiments, the DNA element comprises a gene or
gene fragment that may or may not encode a protein. A DNA element can include both
coding and non-coding regions. For example, in some embodiments a DNA element can
include an open reading frame or fragment thereof, a ribosome binding site, a promoter
and/or a terminator. In some embodiments, the DNA element comprises a non-coding DNA,
single-stranded DNA or a precursor to RNA such long non-coding RNAs (IncRNA),
microRNAs (miRNA)/small interfering RNAs (siRNA) or short hairpin RNA. In some
embodiments, the DNA element is a Genome-Wide Association Study (GWAS) implicated
gene or a DNA element from genome-wide ORF collections. The DNA element can also
include a metagenomic sample or one or more components of a synthetic biology circuit.

In some embodiments, the DNA element(s) encodes for a transcription factor
(including endogenous and artificial transcription factors), histone modification enzymes, a
microRNA (miR), a kinase or phosphatase, a metabolic enzyme, an epigenetic enzyme, a
target of an FDA-approved drug, an oncogene, a monoclonal antibody, and/or a mutant
protein.

FIG. 1 presents several schematics of non-limiting examples of genetic constructs
associated with the invention. In FIG. 1A, a DNA element, designated DNA-1, is flanked by
a first compatible end element, G2A and a second compatible end element, G2B, which are
capable of annealing to each other. The genetic construct also contains a barcode element,
designated as BC-1, which is flanked by a third compatible end element, G1A and a fourth
compatible end element, G1B, which are capable of annealing to each other but are not
capable of annealing to G2A or G2B. The genetic construct also contains a separation site,
such that the barcode element is on one side of the separation site, while the DNA element is
on the other side of the separation site. While FIG. 1 depicts the barcode element as being
upstream or 5’ relative to the DNA element, this arrangement can also be reversed.

Compatible end elements can be created in a variety of ways familiar to one of

ordinary skill in the art and can consist of a variety of different sequences. As used herein,
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compatible end elements refer to regions of DNA that are capable of ligating or annealing to
each other. In several non-limiting embodiments, compatible end elements can be composed
of restriction sites with compatible overhangs, Gibson assembly sequences, or functional
elements of any other DNA assembly method, including recombinases, meganucleases, TAL
Effector/Zinc-finger nucleases, trans-cleaving ribozymes/DNAzymes or integrases.

In some embodiments, Gibson assembly is used to generate compatible overhangs.
Gibson assembly refers to an isothermal DNA end-linking technique whereby multiple DNA
fragments can be joined in a single reaction. This method is described further in, and
incorporated by reference from, Gibson et al. (2009) Nature Methods 6:343-5.

In other embodiments, restriction site digestion is used to generate compatible ends,
as depicted in FIG. 5. Using this method, two unique restriction enzymes generate
compatible overhangs. When these overhangs are ligated, a scar is created that is no longer
recognized by either enzyme. It should be appreciated that any restriction enzymes that
generate compatible overhangs can be used. In some non-limiting embodiments, standard
biological parts such as BioBricks®” (The BioBricks Foundation) or BglBricks (Anderson et
al. (2010) Journal of Biological Engineering 4:1), and enzymes associated with such standard
biological parts, are used. The use of standard biological parts such as BioBricks® or
BglBricks would be considered routine to one of ordinary skill in the art. It should be
appreciated that while classical restriction enzymes can be used (such as Type I, IT or III
restriction enzymes), other DNA-cleaving molecules can also be used. For example, targeted
ribozymes can be used for cleavage of specific target sites. Meganucleases can also be
utilized to minimize the possibility of interference with the inserted DNA elements. TALE or
ZF nucleases can also be used to target long DNA sites to minimize the probability of internal
cleavage within inserted DNA elements. Furthermore, TOPO® cloning can be used to
accomplish restriction digestions and ligations.

The separation site within the genetic construct represents the region that allows
linearization of the construct. It should be appreciated that the separation site can correspond
to any means of cleaving DNA. In some embodiments, the separation site is a restriction
enzyme recognition site.

Further aspects of the invention relate to combinatorial constructs, and methods for
producing combinatorial constructs. As used herein, a “combinatorial construct” refers to a
genetic construct that contains a plurality of DNA elements. As used herein, a plurality of
DNA elements refers to more than one DNA element. As shown in FIG. 1B, the generation

of a combinatorial construct can involve the linearization of a vector that contains a first
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genetic construct associated with the invention, by cleaving the vector at the separation site
within the genetic construct. A second genetic construct associated with the invention is
depicted in FIG. 1B as an insert. As used herein, an “insert” refers to a genetic construct that
is intended to be inserted into a cleaved vector. In some embodiments, the insert is purified
from a vector, such as by PCR or restriction digestion. The insert can be ligated to the
cleaved vector through the annealing of terminal compatible end elements within the insert
and their compatible components within the linearized vector.

FIG. 1C depicts a post-combination combinatorial construct that contains a plurality
of DNA elements and a plurality of corresponding barcode elements. In the non-limiting
example depicted in FIG. 1C, the genetic construct contains two different DNA elements,
termed DNA-1 and DNA-2 and two corresponding barcode elements, termed BC-1 and BC-
2. The combinatorial construct further contains a separation site, located between the
plurality of barcode elements and the plurality of DNA elements.

The separation site can be a single restriction enzyme recognition site. FIG. 15 shows
a non-limiting embodiment of a vector comprising a DNA element and a barcode element
separated by a single restriction enzyme site, such as a Bglll site. A non-limiting example of
a corresponding insert, shown in FIG. 15, contains a DNA element and a barcode element. In
some embodiments, a restriction site, such as a Bglll site is located between the DNA
element and the barcode element of the insert, while two restriction sites, such as AIwNI
sites, are located outside of the DNA element and barcode element. Bglll and AlwNI
generate compatible ends when they cleave DNA. Accordingly, digestion of the vector with
BgllI and the insert with AIwNI, allows for ligation of the insert into the vector, producing a
vector that contains two DNA elements and two barcode elements separated by a restriction
site, such as a BgllI site.

It should be appreciated that a variety of different enzyme combinations that produce
compatible ends when they cleave DNA can be used in conjunction with this aspect of the
invention. In some embodiments, within the insert, the two restriction sites located outside of
the DNA element and the barcode element are recognized by the same restriction enzyme,
which produces compatible ends with the restriction enzyme that digests the vector. In other
embodiments, within the insert, the two restriction sites located outside of the DNA element
and the barcode element are recognized by two different restriction enzymes, each of which
produces compatible ends with the restriction enzyme that digests the vector.

Further aspects of the invention relate to the use of site-specific recombination to

generate combinatorial genetic constructs. In such embodiments, genetic constructs
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associated with the invention do not require a separation site and do not require cleavage by
restriction enzymes. A non-limiting example of a recombination-based cloning method is
Gateway® cloning technology (Life Technologies, Carlsbad, CA), which would be familiar
to one of ordinary skill in the art.

FIG. 9 provides an example of Gateway® cloning methodology. DNA elements are
flanked by site-specific recombination elements, which allow for recombination in the
presence of Clonase  enzyme reaction mixtures. Within the Gateway system, site-specific
recombination elements are referred to as attachment sites or “art sites,” and include aB1,
attB2, attP1, antP2, artlL1, attlL.2, attR1 and antR2. aitB1 reacts with at/P1, attB2 reacts with
attP2, attlL] reacts with atfR1 and a2 reacts with aftfR2. It should be appreciated that any
recombination-based cloning method can be compatible with aspects of the invention.

FIG. 10 depicts a non-limiting example of Multisite Gateway® Pro cloning
technology for assembling multiple inserts within one genetic construct (from
http://pfgrc.jevi.org/index.php/gateway_clones/about_knockoutclones.html).

FIG. 11 depicts a non-limiting embodiment of a recombination-based combinatorial
genetics approach. In this example, two vector libraries are used to generate two insert
libraries. Each vector contains a DNA element, a barcode element and two site-specific
recombination elements. It should be appreciated that various methods can be used to
generate insert libraries. In some embodiments, an insert library, such as insert library 1 or
insert library 2 depicted in FIG. 11 is generated from vector libraries such as vector library 1
and vector library 2 depicted in FIG. 11, such as by PCR. In some embodiments, PCR is
used to add a flanking pair of orthogonal recombination sequences to the insert libraries.

FIG. 12 depicts a non-limiting embodiment whereby recombination-based
combinatorial genetics is used to generate a combinatorial genetic construct. In this example,
a vector from vector library 1 is shown containing a DNA element, a barcode element, and
two site-specific recombination elements located between the DNA element and the barcode
element. The vector is recombined with an insert from library 2 which contains a DNA
element and a barcode element, each of which is flanked by site-specific recombination
elements. Within the insert from library 2, two site-specific recombination elements are
located between the DNA element and the barcode element, and two site-specific
recombination sequences are located outside of the DNA element and barcode element. The
site-specific recombination elements that are located outside of the DNA element and
barcode element are compatible with the two site-specific recombination elements in the

vector located between the DNA element and barcode element within the vector.
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Following recombination at compatible sites, the insert from insert library 2 is
contained within the vector, thereby producing a vector that contains two DNA elements and
two barcode elements, with two site-specific recombination sites located between the DNA
elements and the barcode elements.

As depicted in FIG. 12, the vector can then be recombined with an insert from insert
library 1, which contains a DNA element and a barcode element, each of which is flanked by
site-specific recombination elements. Within the insert from library 1, two site-specific
recombination elements are located between the DNA element and the barcode element, and
two site-specific recombination sequences are located outside of the DNA element and
barcode element. The site-specific recombination elements that are located outside of the
DNA element and barcode element are compatible with the two site-specific recombination
elements in the vector located between the DNA element and barcode element within the
vector.

Following recombination, the insert from insert library 1 is contained within the
vector, thereby producing a vector that contains three DNA elements and three barcode
elements, with two site-specific recombination sites located between the DNA elements and
the barcode elements.

FIGs. 13 and 14 depict how a vector and insert can be designed to recombine with
each other while avoiding vector-vector recombination. In some embodiments, site-specific
recombination elements are added to the genetic constructs by PCR.

Methods described herein for generating combinatorial constructs can be iterative.
For example, the combinatorial construct depicted in FIG. 1C generated through a
combination event, can be cleaved again at the separation site, and one or more further inserts
can be ligated into the combinatorial construct, while maintaining a separation site for further
insertions. Similarly, the vector in FIG. 12 can be alternately recombined with library 1
inserts and with library 2 inserts, generating a combinatorial genetic construct. Significantly,
throughout the iterative process, as the number of DNA elements within the genetic construct
continues to increase, the unique barcodes associated with each DNA element are maintained
within the same genetic construct as their associated DNA elements. In some embodiments,
the combination process is repeated at least 2, 3, 4,5, 6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, times or more than 20 times. In some embodiments, the process is repeated an nt®
number of times, wherencanbe 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,

20, or a number greater than 20.
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It should be appreciated that combinatorial constructs can contain any number of
DNA elements and associated barcode elements. In some embodiments a combinatorial
construct contains 2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24,25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69,70, 71, 72, 73,
74,75,76,77,78,79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98,
99, 100 or more than 100 DNA elements and associated barcode elements.

Further aspects of the invention relate to methods for identifying one or more DNA
elements within a genetic construct. After a combination event, a unique barcode that is
associated with a specific DNA element remains within the same genetic construct as the
specific DNA element. Accordingly, identification of a barcode element or plurality of
barcode elements allows for the identification of the associated DNA element or plurality of
DNA elements within the same genetic construct. In some embodiments, the sequence of a
barcode element and/or a DNA element is determined by sequencing or by microarray
analysis. It should be appreciated that any means of determining DNA sequence is
compatible with identifying one or more barcode elements and corresponding DNA elements.
Significantly, in a combinatorial construct, such as is depicted in FIG. 1C, the plurality of
barcode elements are within close proximity to each other allowing for the rapid
identification of multiple barcode elements, and accordingly multiple DNA elements,
simultaneously through methods such as DNA sequencing.

Further aspects of the invention relate to libraries comprising two or more genetic
constructs as described herein that are compatible with methods for Massively Parallel
Combinatorial Genetics. As used herein, a library of genetic constructs refers to a collection
of two or more genetic constructs. In some embodiments, a library of genetic constructs is
generated in which each unique DNA element is on a plasmid. This plasmid library can be
pooled to form a vector library. An insert library can be generated, for example, by
conducting PCR on the vector library. In a first combination event, all of the vectors can be
paired with all of the inserts, generating a full combinatorial set of pairwise combinations.
Further reactions between this pairwise library and an insert library can lead to a tri-wise,
quad-wise or more than quad-wise library arising from a single vector library. FIG. 6
demonstrates effective integration of pairwise, tri-wise and quad-wise combinations of a
barcode element.

Some aspects of the invention relate to conducting screens using a library of

combinatorial constructs. For example, a pool of cells containing the combinatorial library
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can be tested for resistance to a stressor such as chemotherapy. To determine which
combination of DNA elements is most effective in conferring a particular phenotype, such as
resistance to chemotherapy, cells that survive chemotherapy can be isolated and the sequence
of the barcode or plurality of barcodes can be determined, allowing for the rapid
identification of a DNA element or plurality of DNA elements that is effective in conferring a
desired phenotype.

It should be appreciated that since the combinatorial step is conducted in vitro, this
technology can be scaled to any organism that can receive DNA. In some embodiments, the
organism is bacteria and the constructs are carried on plasmids or phages. In other
embodiments, the organism is yeast and the constructs are carried on plasmids or shuttle
vectors. In other embodiments, such as in rodent or mammalian cells, genetic constructs
described herein can be carried on plasmids or delivered by viruses such as lentiviruses or
adenoviruses.

Methods and compositions described herein are broadly applicable to any study that
could benefit from the generation of combinatorial sets of genetic elements. For example,
this approach could lead to identification of novel drug targets elucidated by network
perturbation, which could define more subtle enzymatic pathways leading to disease, or
enable drug discovery of novel chemical or biological mediators (including combinations of
chemical and/or biological mediators) for treating disease. Additionally, technologies
described herein could be applied to the discovery of combinations of existing drug targets
for disease treatment and/or prevention, and could lead to novel combination treatments using
FDA-approved therapeutics.

Several non-limiting examples of ways in which gene expression can be perturbed
according to aspects of the invention include: strong overexpression, tunable overexpression
(via tunable inducible promoters), strong knockdown (via short hairpin RNA (shRNA)) or
other antisense RNA constructs), and tunable knockdown (via shRNA or other antisense
RNA constructs and tunable inducible promoters).

Several non-limiting examples of phenotypes of interest that may be screened or
selected for according to aspects of the invention include, in bacteria and fungus (such as
yeast): antibiotic resistance or susceptibility, persistence, virulence and metabolic
engineering; and in mammalian cells: reduction of disease state, production of disease state,
complex multifactorial diseases, aging and age-related diseases, neurodegeneration,

chemotherapy resistance, pathway modulation (e.g., stress response), resistance to infection,
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stem cell differentiation, cell type transdifferentiation and potentiation of FDA-approved
drugs.

The ability to tune overexpression or knockdown via tunable inducible promoters
enables a set of perturbations far more nuanced than previously possible. One can, for
instance, combine multiple levels of overexpression for many proteins and screen for an
optimal phenotype, given that network dynamics may best be perturbed through optimization
of expression levels. Furthermore, by employing independently inducible promoters for
different DNA elements, multiple simultaneous experiments can be run to probe expression
space or temporal space.

This technology enables a host of direct biomedical applications. Leveraging gene
therapy vectors could result in delivering combinatorial sets of knockdown and
overexpression constructs in vitro and in vivo. Non-limiting biomedical applications of this
technology include treating multifactorial diseases with complex phenotypes and tissue
engineering applications whereby cells are modified and then implanted into humans.
Approaches described herein could be applied to combinatorial antibody therapeutics
involving combinations of polyclonal and/or monoclonal antibodies. Similarly,
combinatorial vaccines could be optimized through combinatorial selection of multiple
epitopes.

Moreover, the technology enables fundamental discoveries with broad potential. One
example is the global mapping of in vivo protein interactions. By gauging the effects of
pairwise or higher order combinations of gene overexpression and knockdown on growth
rates and other phenotypes, a comprehensive mapping of protein interactions can be obtained.
From this data, interacting pathways and network hubs can be elucidated, leading to a much
more nuanced conception of the intracellular protein network and discovery of novel network
perturbations for desired phenotypes.

Another fundamental application of the methods, constructs and libraries described
herein is to the discovery of determinants of multifactorial diseases. Although gene
expression profiles for cells in disease states and genes associated in diseases have been
reported, the specific genetic determinants of complex conditions such as diabetes, obesity,
and aging are still unknown. Massively parallel combinatorial genetics can produce cells
with disease states, yielding new disease models and identifying novel therapeutic targets.

A considerable advantage of this technology to previous approaches is the ability to
repurpose a constructed library for investigation of virtually any phenotype. For instance, a

pooled combinatorial lentiviral library of all known open reading frames (ORFs) in the
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human genome can be used to screen for phenotypes ranging from stem cell differentiation to
inhibition of cancer metastasis. This dramatically reduces the marginal effort needed to
investigate further questions.

The invention encompasses any cell type in which DNA can be introduced, including
prokaryotic and eukaryotic cells. In some embodiments the cell is a bacterial cell, such as
Escherichia spp., Streptomyces spp., Zymonas spp., Acetobacter spp., Citrobacter spp.,
Synechocystis spp., Rhizobium spp., Clostridium spp., Corynebacterium spp., Streptococcus
spp., Xanthomonas spp., Lactobacillus spp., Lactococcus spp., Bacillus spp., Alcaligenes
spp., Pseudomonas spp., Aeromonas spp., Azotobacter spp., Comamonas spp.,
Mycobacterium spp., Rhodococcus spp., Gluconobacter spp., Ralstonia spp.,
Acidithiobacillus spp., Microlunatus spp., Geobacter spp., Geobacillus spp., Arthrobacter
spp., Flavobacterium spp., Serratia spp., Saccharopolyspora spp., Thermus spp.,
Stenotrophomonas spp., Chromobacterium spp., Sinorhizobium spp., Saccharopolyspora
spp., Agrobacterium spp. and Pantoea spp. The bacterial cell can be a Gram-negative cell
such as an Escherichia coli (E. coli) cell, or a Gram-positive cell such as a species of
Bacillus.

In other embodiments, the cell is a fungal cell such as a yeast cell, e.g.,
Saccharomyces spp., Schizosaccharomyces spp., Pichia spp., Paffia spp., Kluyveromyces
spp., Candida spp., Talaromyces spp., Brettanomyces spp., Pachysolen spp., Debaryomyces
spp., Yarrowia spp. and industrial polyploid yeast strains. Preferably the yeast strain is a S.
cerevisiae strain. Other examples of fungi include Aspergillus spp., Pennicilium spp.,
Fusarium spp., Rhizopus spp., Acremonium spp., Neurospora spp., Sordaria spp.,
Magnaporthe spp., Allomyces spp., Ustilago spp., Botrytis spp., and Trichoderma spp.

In other embodiments, the cell is an algal cell, a plant cell, an insect cell, a rodent cell
or a mammalian cell, including a human cell (e.g., a human embryonic kidney cell (e.g.,
HEK293T cell), a human dermal fibroblast).

In some embodiments, one or more of the genes associated with the invention is
expressed in a recombinant expression vector. As used herein, a “vector” may be any of a
number of nucleic acids into which a desired sequence or sequences may be inserted by
restriction and ligation or by recombination for transport between different genetic
environments or for expression in a host cell. Vectors are typically composed of DNA,
although RNA vectors are also available. Vectors include, but are not limited to: plasmids,

fosmids, phagemids, virus genomes and artificial chromosomes.
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A cloning vector is one which is able to replicate autonomously or integrated in the
genome in a host cell, and which is further characterized by one or more endonuclease
restriction sites at which the vector may be cut in a determinable fashion and into which a
desired DNA sequence may be ligated or recombination sites at which an insert with
compatible ends can be integrated such that the new recombinant vector retains its ability to
replicate in the host cell. In the case of plasmids, replication of the desired sequence may
occur many times as the plasmid increases in copy number within the host cell such as a host
bacterium or just a single time per host before the host reproduces by mitosis. In the case of
phage, replication may occur actively during a lytic phase or passively during a lysogenic
phase.

An expression vector is one into which a desired DNA sequence may be inserted by
restriction and ligation or recombination such that it is operably joined to regulatory
sequences and may be expressed as an RNA transcript. Vectors may further contain one or
more marker sequences suitable for use in the identification of cells which have or have not
been transformed or transfected with the vector. Markers include, for example, genes
encoding proteins which increase or decrease either resistance or sensitivity to antibiotics or
other compounds, genes which encode enzymes whose activities are detectable by standard
assays known in the art (e.g., B-galactosidase, luciferase or alkaline phosphatase), and genes
which visibly affect the phenotype of transformed or transfected cells, hosts, colonies or
plaques (e.g., green fluorescent protein). Preferred vectors are those capable of autonomous
replication and expression of the structural gene products present in the DNA segments to
which they are operably joined.

As used herein, a coding sequence and regulatory sequences are said to be “operably”
joined when they are covalently linked in such a way as to place the expression or
transcription of the coding sequence under the influence or control of the regulatory
sequences. If it is desired that the coding sequences be translated into a functional protein,
two DNA sequences are said to be operably joined if induction of a promoter in the 5’
regulatory sequences results in the transcription of the coding sequence and if the nature of
the linkage between the two DNA sequences does not (1) result in the introduction of a
frame-shift mutation, (2) interfere with the ability of the promoter region to direct the
transcription of the coding sequences, or (3) interfere with the ability of the corresponding
RNA transcript to be translated into a protein. Thus, a promoter region would be operably

joined to a coding sequence if the promoter region were capable of effecting transcription of
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that DNA sequence such that the resulting transcript can be translated into the desired protein
or polypeptide.

When the nucleic acid molecule is expressed in a cell, a variety of transcription
control sequences (e.g., promoter/enhancer sequences) can be used to direct its expression.
The promoter can be a native promoter, i.e., the promoter of the gene in its endogenous
context, which provides normal regulation of expression of the gene. In some embodiments
the promoter can be constitutive, i.e., the promoter is unregulated allowing for continual
transcription of its associated gene. A variety of conditional promoters also can be used, such
as promoters controlled by the presence or absence of a molecule. In some embodiments, the
promoter is a human ubiquitin C promoter (Ubcp). In some embodiments, the promoter is a
human cytomegalovirus promoter (CMVp).

The precise nature of the regulatory sequences needed for gene expression may vary
between species or cell types, but shall in general include, as necessary, 5° non-transcribed
and 5’ non-translated sequences involved with the initiation of transcription and translation
respectively, such as a TATA box, capping sequence, CAAT sequence, and the like. In
particular, such 5’ non-transcribed regulatory sequences will include a promoter region which
includes a promoter sequence for transcriptional control of the operably joined gene.
Regulatory sequences may also include enhancer sequences or upstream activator sequences
as desired. The vectors of the invention may optionally include 5' leader or signal sequences.
The choice and design of an appropriate vector is within the ability and discretion of one of
ordinary skill in the art.

Expression vectors containing all the necessary elements for expression are
commercially available and known to those skilled in the art. See, e.g., Sambrook et al.,
Molecular Cloning: A Laboratory Manual, Fourth Edition, Cold Spring Harbor Laboratory
Press, 2012. Cells are genetically engineered by the introduction into the cells of
heterologous DNA (RNA). That heterologous DNA (RNA) is placed under operable control
of transcriptional elements to permit the expression of the heterologous DNA in the host cell.

A nucleic acid molecule associated with the invention can be introduced into a cell or
cells using methods and techniques that are standard in the art. For example, nucleic acid
molecules can be introduced by standard protocols such as transformation including chemical
transformation and electroporation, transduction, particle bombardment, etc. Expressing the
nucleic acid molecule may also be accomplished by integrating the nucleic acid molecule into

the genome.
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In some embodiments one or more genes associated with the invention is expressed
recombinantly in a bacterial cell. Bacterial cells according to the invention can be cultured in
media of any type (rich or minimal) and any composition. As would be understood by one of
ordinary skill in the art, a variety of types of media can be compatible with aspects of the
invention. The selected medium can be supplemented with various additional components.
Some non-limiting examples of supplemental components include glucose, antibiotics,
isopropyl B-D-1-thiogalactopyranoside (IPTG) for gene induction, ATCC Trace Mineral
Supplement and glycolate. Similarly, other aspects of the medium and growth conditions of
the cells of the invention may be optimized through routine experimentation. For example,
pH and temperature are non-limiting examples of factors which can be optimized. In some
embodiments the concentration and amount of a supplemental component may be optimized.

Several aspects of the invention relate to the use of Massively Parallel Combinatorial
Genetics to identify diverse perturbations in antibiotic-resistance phenotypes using drug
resistant (e.g., multi-drug resistant) bacterial or viral strains such as, for example, New Delhi
metallo-betalactamase 1 (NDM-1) E. coli strains. In particular, the methods and constructs
herein may be used to identify, for example, transcription factor combinations that could
potentiate existing antibiotics for treatment. Thus, in some embodiments, provided herein are
libraries of pairwise, tri-wise and n-wise (e.g., 4, 5, 6, 7, 8, 9 or 10-wise) combinations of
transcription factors (TFs), which can be analyzed through, for example, next-generation
sequencing.

In some embodiments, the combinatorial transcription factor libraries may be used to
identify combinations (e.g., two or more, such as 2, 3,4, 5, 6,7, 8, 9 or 10) of TFs that
exhibit synergistic effects with respect to antibiotic resistance phenotypes for a single
antibiotic or across a range of antibiotics (e.g., more than one antibiotic, or two, three, four or
more antibiotics). In some embodiments, provided herein are constructs that express mt/R
and uidR, or gseB and bolA. In some embodiments, provided herein are cells (e.g., bacterial
cells) containing constructs that express m¢t/R and uidR, or gseB and bolA.

In some embodiments, provided herein are constructs that express rstA and rob, rstA
and mirA, resB and mirA, or feaR and hcaR. In some embodiments, provided herein are cells
(e.g., bacterial cells) containing constructs that express rstA and rob, rstA and mirA, rcsB and
mirA, or feaR and hcaR.

In some embodiments, the combinatorial transcription factor libraries may be used to
identify combinations of TFs that exhibit lethal effects that amplify bactericidal activity of

antibiotics. In some embodiments, provided herein are constructs that express forR and metR,
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nhaR and melR, allR and metJ, mall. and yfeT, cadC and allR, torR, metR, or torR. In some
embodiments, provided herein are cells (e.g., bacterial cells) containing constructs that
express forR and metR, nhaR and melR, allR and metJ, mall and yfeT, cadC and allR, torR or
metR.

Antibiotics for use in accordance with the invention include, without limitation,
Aminoglycosides, Amikacin, Gentamicin, Kanamycin, Neomycin, Netilmicin, Tobramycin,
Paromomycin, Spectinomycin, Ansamycins, Geldanamycin, Herbimycin, Rifaximin,
streptomycin, Carbacephem, Loracarbef, Carbapenems, Ertapenem, Doripenem,
Imipenem/Cilastatin, Meropenem, Cephalosporins (First generation), Cefadroxil, Cefazolin,
Cefalotin or Cefalothin, Cefalexin, Cephalosporins (Second generation), Cefaclor,
Cefamandole, Cefoxitin, Cefprozil, Cefuroxime, Cephalosporins (Third generation),
Cefixime, Cefdinir, Cefditoren, Cefoperazone, Cefotaxime, Cefpodoxime, Ceftazidime,
Ceftibuten, Ceftizoxime, Ceftriaxone, Cephalosporins (Fourth generation), Cefepime,
Cephalosporins (Fifth generation), Ceftaroline fosamil, Ceftobiprole, Glycopeptides,
Teicoplanin, Vancomycin, Telavancin, Lincosamides, Clindamycin, Lincomycin,
Lipopeptide, Daptomycin, Macrolides, Azithromycin, Clarithromycin, Dirithromyecin,
Erythromycin, Roxithromycin, Troleandomycin, Telithromycin, Spiramycin, Monobactams,
Aztreonam, Nitrofurans, Furazolidone, Nitrofurantoin, Oxazolidonones, Linezolid, Posizolid,
Radezolid, Torezolid, Penicillins, Amoxicillin, Ampicillin, Azlocillin, Carbenicillin,
Cloxacillin, Dicloxacillin, Flucloxacillin, Mezlocillin, Methicillin, Nafcillin, Oxacillin,
Penicillin G, Penicillin V, Piperacillin, Penicillin G, Temocillin, Ticarcillin, Penicillin
combinations, Amoxicillin/clavulanate, Ampicillin/sulbactam, Piperacillin/tazobactam,
Ticarcillin/clavulanate, Polypeptides, Bacitracin, Colistin, Polymyxin B, Quinolones,
Ciprofloxacin, Enoxacin, Gatifloxacin, Levofloxacin, Lomefloxacin, Moxifloxacin, Nalidixic
acid, Norfloxacin, Ofloxacin, Trovafloxacin, Grepafloxacin, Sparfloxacin, Temafloxacin,
Sulfonamides, Mafenide, Sulfacetamide, Sulfadiazine, Silver sulfadiazine, Sulfadimethoxine,
Sulfamethizole, Sulfamethoxazole, Sulfanilimide (archaic), Sulfasalazine, Sulfisoxazole,
Trimethoprim-Sulfamethoxazole(Co-trimoxazole) (TMP-SMX),
Sulfonamidochrysoidine(archaic), Tetracyclines, Demeclocycline, Doxycycline,
Minocycline, Oxytetracycline, Tetracycline, Clofazimine, Dapsone, Capreomycin,
Cycloserine, Ethambutol, Ethionamide, Isoniazid, Pyrazinamide, Rifampicin (Rifampin in
US), Rifabutin, Rifapentine, Streptomycin, Arsphenamine, Chloramphenicol, Fosfomycin,
Fusidic acid, Metronidazole, Mupirocin, Platensimycin, Quinupristin/Dalfopristin,

Thiamphenicol, Tigecycline, Tinidazole and Trimethoprim.
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Other antibiotic resistant pathogens contemplated herein include, without limitation,
Staphylococcus aureus, Streptococcus and Enterococcus, Pseudomonas aeruginosa,
Clostridium difficile, Salmonella, Escherichia coli, Acinetobacter baumannii and
Mycobacterium tuberculosis.

Various aspects of the invention relate to the use of Massively Parallel Combinatorial
Genetics for elucidating the pathological mechanisms underlying complex human diseases.
For example, the methods of the invention may be used to investigate the regulation of
lifespan and neurodegenerative disorders in yeast models. Through the exploration of high-
order genetic interactions, Massively Parallel Combinatorial Genetics can provide insights
into novel therapeutic strategies and drug discovery in age-related diseases. Yeast models
have been extensively used to study several human neurodegenerative disorders characterized

by protein misfolding and aggregation (summarized in Table 1).

Table 1. Human Neurologic Disorders Modeled in Yeast

Disease Protein

Alzheimer's Disease (AD) amyloid-f (AB), APP
Parkinson's Disease (PD) alpha-synuclein (a.Syn)
Huntington's Disease (HD) Huntingtin

Prion PrP

Amyotrophic lateral sclerosis (ALS) SOD-1

Friedreich’s ataxia (FRDA) Frataxin

Among the available yeast models, increased amyloid- (AB) and alpha-synuclein
(aSyn), which are widely believed to drive the manifestation of Alzheimer's Disease (AD)
and Parkinson's Disease (PD), respectively, profoundly induce cell death in a concentration
dependent manner. Most importantly, several genetic factors not only suppress the A or
aSyn toxicity in yeast but also rescue key pathological hallmarks in higher model organism
of AD and PD. Thus, these two models may be used to explore combinatorial genetic factors
that may be beneficial to clinic therapy.

In some embodiments of the invention, yeast strains for genetic screening are
generated by integrating multiple tandem copies of a gene of interest such as, for example,
alpha-synuclein, or amyloid-f3, with an inducible promoter (e.g., galactose (Gal)-inducible
promoter). In some embodiments, the yeast strains are engineered to contain the reverse
tetracycline transactivator (rtTA), which is part of the Tet-ON expression system. This

feature permits expression of a combinatorial library generated using the engineered yeast
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strain to be controlled by a Tet-ON inducible system (e.g., transcription is reversibly turned
on in the presence of the antibiotic tetracycline or one of its derivatives (e.g., doxycycline).
In some embodiments, the engineered yeast strains are used in combination with Massively
Parallel Combinatorial Genetics to recover genetic combinations that contribute to cell
survival with Gal and doxycycline (Dox) treatment.

Aspects of the invention also provide overexpression libraries (e.g., combinatorial
libraries) of transcriptional regulators such as, for example, transcriptional factors and histone
modification enzymes. In some embodiments, the libraries may also contain yeast genes
involved in ubiquitin/proteasome, autophage, and chaperone pathways. Each gene in a
library may be flanked by universal restriction enzyme cutting sites to, for example,
systematically scale up library assembly and perform high-throughput sequencing for genetic
combinations using Massively Parallel Combinatorial Genetics.

In some embodiments, an expression construct of the invention contains a unique
barcoded (BC) and four restriction sites positioned as shown in FIG. 29. The barcoded
vectors are pooled and digested with enzymes (e.g., Avrll and Notl). Inserts may be
generated by digestion with different enzymes (e.g., Spel and PspOMI). In some
embodiments, a “one-pot,” or single, ligation reaction may be used to produce a pairwise
combinatorial library.

In other aspects of the invention, Massively Parallel Combinatorial Genetics may be
used to generate a combinatorial library of microRNAs. Thus, in some embodiments, a DNA
element of the invention may encode a microRNA (miR). Herein, a microRNA refers to a
non-coding RNA that regulates gene expression through base pairing with canonical
sequences present in the 3’ untranslated region (3’UTR) of target messenger RNA (mRNA)
(Berezikov, E. et al. Nat Rev Genet 12, 846-860 (2011)). miRs are first transcribed as
precursor-miRs that fold on themselves to form hairpin structures and are processed by
Drosha and Dicer/RISC complexes to generate its mature form. Human mature miRs
typically exhibit partial complementarity to their mRNA targets. The six to eight-nucleotide-
long sequences at the 5' region of miR is believed to be an important determinant of target
specificity. As such, a single miR can have multiple mRNA targets, whereas a single mRNA
can be targeted by multiple miRs. The targeted mRNA will be degraded or prevented from
being translated. By the above mechanisms, miRs regulate the expression of thousands of
genes and are involved in most biological processes (Ambros, V. Nature 431:350-355 (2004);
Gangarajiu, V.K. ef al. Nat Rev Mol Cell Bio 10:116-125 (2009); Inui, M. et al. Nat Rev Mol
Cell Bio 11:222-263 (2010)). In addition, aberrant expression of miRs has been reported in
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numerous disease conditions (Esteller M., er al., Nat Rev Genet 12:861-874 (2011); Eacker,
S.M. et al. Nat Rev Neurosci 10:837-841 (2009); Kong, Y.W. et al. Lancet Oncol 13:€249-
258 (2012). Restoring the expression of various miRs has beneficial effects to certain disease
conditions, and may be developed as therapeutics (Esteller M., er al. (2011); Kong, Y.W. et
al. (2012)).

In other aspects of the invention, Massively Parallel Combinatorial Genetics may be
used to generate vectors (e.g., viral vectors such as lentiviral vectors) comprising tandem
transcriptional units that express precursor-miR, optionally along with a marker/reporter gene
(e.g., GFP or RFP). A transcriptional unit herein refers to a nucleotide sequence that encodes
amiR. A vector may comprise two or more of the same transcriptional units (e.g., each unit
encoding the same miR, e.g., miR-124), and/or a vector may comprise two or more different
transcriptional units (e.g., one or more units encoding miR-124, one or more units encoding
miR-128 and/or one or more units encoding miR-132). Thus, a tandem transcription unit
may contain nucleotide sequence(s) encoding miR-124, miR-128, miR-132 or any
combination thereof. In some embodiments, a vector may contain two, three, four, five, six,
seven, eight, nine, ten, twenty, thirty, forty, fifty (and integers between these numbers) or
more of the same and/or different transcriptional units.

In some embodiments, the precursor miR of the invention comprises/is the sequence
set forth as SEQ ID NO:6, SEQ ID NO:7 or SEQ ID NO:8. In some embodiments, the miR
sensor of the invention comprises/is the sequence set forth as SEQ ID NO:9, SEQ ID NO:10
or SEQ ID NO:11. In some embodiments, a vector comprises a tandem precursor miR that
comprises/is the sequence set forth as SEQ ID NO:1.

In some embodiments, the invention provides a genetic construct comprising at least
one nucleotide sequence (e.g., one nucleotide sequence or a plurality of nucleotide
sequences) that encodes a microRNA; a first compatible end element and a second
compatible end element flanking the DNA element, wherein the first and second compatible
end elements are capable of annealing to each other; a barcode element; a third compatible
end element and a fourth compatible end element flanking the barcode element, wherein the
third and fourth compatible end elements are capable of annealing to each other but are not
capable of annealing to the first or second compatible end elements; and a separation site
located between the fourth compatible end element and the first compatible end element,
wherein the DNA element, first compatible end element and second compatible end element
are on one side of the separation site, and the barcode element, third compatible end element

and fourth compatible end element are on the other side of the separation site.
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Also provided herein are assays and constructs for testing the efficiency and/or
efficacy of vectors that comprise tandem transcriptional units that express precursor-miR.

For example, in some embodiments, a vector (e.g., lentiviral vector, adenoviral vector, adeno-
associated viral vector, retroviral vector) may comprise tandem transcriptional units that
express precursor-miR, optionally along with a first marker/reporter gene (e.g., GFP or RFP)
and a miR sensor sequence at the 3' UTR of a second marker/reporter different from the first.
A miR sensor sequence herein refers to a nucleotide sequence that is complementary to a miR
(i.e., amiR’s complementary target sequence). A miR sensor sequence contains at least one
complementary target sequence, and in some instances, may contain repeats of the
complementary target sequence. For example, in some embodiments, a miR sensor sequence
may contain two, three, four, five, six, seven, eight, nine, ten or more repetitive sequences
complementary to the nucleotide sequence of a miR.

This invention is not limited in its application to the details of construction and the
arrangement of components set forth in the following description or illustrated in the
drawings. The invention is capable of other embodiments and of being practiced or of being
carried out in various ways. Also, the phraseology and terminology used herein is for the

purpose of description and should not be regarded as limiting. The use of “including,”
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“comprising,” or “having,” “containing,” “involving,” and variations thereof herein, is meant
to encompass the items listed thereafter and equivalents thereof as well as additional items.
The present invention is further illustrated by the following Examples, which in no
way should be construed as further limiting. The entire contents of all of the references
(including literature references, issued patents, published patent applications, and co-pending

patent applications) cited throughout this application are hereby expressly incorporated by

reference, particularly for the teachings referenced herein.

EXAMPLES

Example 1: Development of Barcoded Genetic Constructs

Barcoded genetic constructs were developed and manipulated to generate barcoded
combinations of elements. A general schematic of a non-limiting example of a genetic
construct is shown in FIG. 1A. A DNA element (e.g., DNA-1) is associated with a unique
Barcode (e.g., BC-1). Flanking the DNA element are compatible ends — in this case, G2A
and G2B, which can anneal to each other, as can G1A and G1B, shown in FIG. 1A as
flanking BC-1. However, G1A and G2B are not compatible. In between G1B and G2A is a

Separation Site that allows linearization of the construct, such as a restriction enzyme site or
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any other method of cleaving DNA. The mirror image of this arrangement is also functional,
i.e. having a barcode and compatible ends 3’ to the DNA element.

FIG 1B depicts a combination event occurring between a unique Vector and a unique
Insert. The Vector is cleaved at its Separation Site. The Insert can be prepared from its
Vector, for example via PCR or restriction digestion. The terminal ends of the Insert anneal
to their compatible partners in the linearized Vector and are ligated.

FIG. 1C depicts the post-combination construct, which can be transformed into cells
via methods known to those of ordinary skill in the art. The Barcodes BC-1 and BC-2 are
now in close proximity and can easily be read by sequencing, revealing the identity of the
DNA elements. Furthermore, the separation site is retained, allowing facile construction of
high-order combinations.

In a non-limiting embodiment of a sample generation scheme, a library of constructs
as in FIG. 1A is prepared on plasmids for each unique DNA element through high-throughput
robotics. This plasmid library is pooled (generating the Vector library), and PCR is
performed on the pool (generating the Insert library). In a one-pot reaction, all Vectors are
paired with all Inserts, generating the full combinatorial set of pairwise combinations. This
Pairwise library is then further reacted with the same Insert library to generate a Tri-wise
library, Quad-wise library, and so forth, arising from a single Vector library.

The proximity of the unique barcodes in the Combinatorial library allows rapid
identification of the DNA elements present within a single combinatorial construct via
sequencing, microarrays, or other methods of determining DNA sequence. In one example, a
pool of cells containing the combinatorial library undergoes selection for a specific
phenotype (such as chemotherapy resistance); subsequent isolation and sequencing of the
surviving cells elucidates which combination of DNA elements yielded the desired
phenotype. In another example, the pooled cells undergo high-throughput next-generation
sequencing, yielding the prevalence of specific DNA combinations within the pool; this data

can then be used to generate a protein interaction network.

Example 2: Gibson Assembly Conception

In some non-limiting embodiments of the invention, the Gibson assembly method is
used to generate compatible end elements. The Gibson reaction employs TS exonuclease to
digest the 5° strand, allowing complementary sequences to anneal, gaps to be filled with

DNA Polymerase, and the constructs ligated by Taq ligase (Gibson et al. (2009) Nature
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Methods 6:343-5). As depicted in FIG. 1, G1A and G1B are identical sequences; G2A and
(G2B are likewise identical. The separation site is a restriction enzyme recognition site.

In some embodiments, a single restriction site is used to generate the linearized vector
for reaction, thus avoiding interference with DNA elements. As such, this methodology is

especially useful for interrogating combinations of genome-wide elements such as ORFs and

noncoding DNA.

Example 3: Demonstration of Massively Parallel Combinatorial Genetics in E. coli

Methods for Massively Parallel Combinatorial Genetics were successfully applied in
E. coli to two fluorescent proteins — GFP and mCherry. The total DNA element for each
consisted of an inducible promoter, the protein ORF, and a terminator. These elements were
barcoded as BC1-GFP and BC2-mCherry, respectively.

In the first demonstration, BC1-GFP was inserted into itself twice in succession to
generate BC1-BC1-GFP-GFP and BC1-BC1-BC1-GFP-GFP-GFP. FIG. 2A shows gel
electrophoresis of the uncut plasmid itself, with each successive integration of a barcoded-
GFP unit adding another ~1kb to the size of the plasmid. The plasmid was also restriction
digested at points on the plasmid separating the changing combinatorial region from the static
region on the plasmid. In FIG. 2B, boxes are drawn surrounding the digested insert, showing
an increase in ~1kb per successive insertion, while the unmarked static region remains the
same size.

Next, a combinatorial set was created using constructs for both GFP and mCherry.
Fluorescence microscopy showed the successful combination of DNA elements and
functional protein expression (FIG. 3). FIG. 3 depicts combination and functional expression
of mCherry and GFP constructs. Fluorescent images are depicted using filters for mCherry
(FIG. 3A), GFP (FIG. 3B), and overlaid (FIG. 3C). Clones showing only GFP expression or
only mCherry expression were also identified.

Through sequencing, the full combinatorial spaces of four combinations with intact
Barcodes and Separation Sites were also confirmed, indicating the robustness of the method
(FIG. 4). Thus, this demonstrates the ability of methods developed herein to 1) generate
combinatorial sets of unique barcoded DNA elements, ii) enable identification of
combinations via sequencing of barcoded regions, and iii) generate higher-order

combinations using the same barcoded construct for each combination step.
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Example 4: Restriction Site Conception

In some non-limiting embodiments of the technology, restriction site methodology
can be applied to generate compatible end elements (FIG. 5). Similar to the BioBrick®™
standard, two unique restriction enzymes generate compatible overhangs that when ligated
together form a scar that is not recognized by either restriction enzyme and cannot be further
cleaved (Anderson et al. (2010) Journal of Biological Engineering 4:1). The shorter scar
associated with this approach, relative to the Gibson assembly method, allows for a higher
number of barcode elements to be read within a standard next-generation sequencing read,
therefore allowing higher-order combinations. While the use of additional restriction
enzymes raises the chance of interference with the inserted DNA elements, the specific
restriction enzymes to be used can be modified to any set of DNA elements, such that the
restriction enzymes necessary for this method interfere with the fewest number of elements.
Furthermore, mutagenesis can be performed on the DNA elements to remove restriction sites
from their sequences.

Using the restriction site assembly strategy, the facility of generating higher-order
combinations was tested. Using a library of five barcoded DNA elements, the combination
sequence was iterated three times to generate pairwise, three-wise, and four-wise
combinations. Sequencing individual colonies showed the retention of barcodes and scars in
an easily readable fashion (FIG. 6A). Plasmids isolated from colonies were then digested to
separate the variable combinatorial region, which consists of the barcodes and their

respective DNA elements, from the constant remainder of the vector (FIG. 6B).

Example 5: Library Generation

Next, to test gene expression, a barcoded vector library of GFP and mCherry was
constructed under the control of aTc-inducible pLtetO promoters with a T1+T7 fusion
terminator downstream of each ORF. Each vector contained the high-copy ColE1 origin,
tetR under control of a constitutive promoter, and cat conferring chloramphenicol resistance.

An insert library was generated via PCR, creating a pairwise combinatorial set as in
FIG. 5 that was then transformed into DH5a cells. Twenty-four colonies were isolated and
grown in increasing concentrations of aTc along with positive and negative controls (FIG. 7).
Significantly, the data show several features: 1) an even, distribution of the three possible
combinations that does not achieve significance via chi-squared testing (24 total samples; 9
GFP-GFP; 5 mCherry-mCherry; 10 GFP and mCherry); ii) near-independent expression of

each separate promoter-ORF combination, as determined by comparison between GFP-
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mCherry combinations such as N95-2 and mCherry-GFP combinations such as N95-3; and

ii1) a high degree of repression and induction control, yielding on/off ratios of 150-300x.

Example 6: Investigation of Antibacterial Resistance in E. coli

Antibacterial resistance and methods to defeat resistance were investigated in E. coli.
By barcoding 173 documented transcription factors in E. coli, pairwise and tri-wise
combinations were generated, and the combinations that most effectively decrease or increase
antibiotic resistance were determined. Statistical analysis of the sequencing reads identified
nonlinear epistatic genetic interactions, such as synergy and antagonism. These results were
then validated in antibiotic susceptibility testing. To demonstrate the full power of this
technology, the most successful pairwise combinations were then used to generate tri-wise
combinations and susceptibility assessed again. Multiple mechanisms of resistance can be
investigated using the methods provided herein, including extended-spectrum beta-
lactamases, efflux pump mutants, and metallo-betalactamases, in response to a range of
antibiotics.

Massively Parallel Combinatorial Genetics uses an iterative cloning strategy
beginning with a library of barcoded DNA elements (FIG. 16A). Restriction digests of
pooled vector and insert libraries, followed by a one-pot ligation reaction, create a library of
pairwise combinations with the barcodes in close proximity to one another. As a result, the
identities of the components in a particular construct can be determined by a short sequence
reading the barcodes in order. High-throughput sequencing can census the distribution of
library members within a pooled population and identify changes in the population under
different experimental conditions. Alternatively, Sanger sequencing may be performed on
isolated colonies selected through plating assays or cell sorting. Notably, the methods
provided herein are iterative methods that can use the newly produced combinatorial library
and the same insert pool to generate higher order combinations in log-linear time.

FIG. 16A shows an outline of the assembly method. Transcription Factor (TF)
expression constructs are barcoded (BC) and four restriction sites (1A, 1B, 2A, 2B) are
positioned as shown. The pairs, 1A/1B and 2A/2B, are unique restriction sites that generate
compatible overhangs within the pair but are incompatible with the other pair. The barcoded
vectors are pooled and digested with enzymes 1B + 2A. Inserts are generated from vectors
by PCR and digested with 1A + 2B. A one-pot ligation reaction produces a pairwise
combinatorial library, which can be further digested and ligated with the same insert pool to

produce higher-order combinations.
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In this study, 173 E. coli transcription factors (TFs) and 18 fluorescent proteins were
placed under control of the aTc-inducible pLtetO promoter (FIG. 17). These expression
constructs were uniquely barcoded and combined to yield all possible 35,343 pairwise
combinations (some open reading frames (ORFs) were rejected as vectors or inserts due to
cleavage by restriction enzymes). This pairwise combinatorial library was transformed into
an E. coli MG1655 strain and sequenced on the Illumina HiSeq™ platform, showing an even
distribution of combinations across the population and recovery of 34,554 combinations, or
98% of all possible combinations (FIG. 16B). To assess expression levels of the construct
and the influence of order on expression levels, fluorescence of all four pairwise
combinations of GFP and mCherry was measured as well as single GFP and mCherry (FIG.
24). All four pairwise combinations of GFP and mCherry and single GFP and mCherry were
induced with aTc at 250 ng/mL and assessed by flow cytometry. GFP-mCherry and
mCherry-GFP showed comparable levels of fluorescence, indicating low influence of
sequence on expression level. GFP-GFP and mCherry-mCherry showed approximately
double expression levels of GFP and mCherry, respectively, compared to heterogeneous
combinations and single constructs (FIG. 16C).

Transcription factor (TF) combinations in the combinatorial library were discovered,
leading to viability phenotypes for the New Delhi metallo-betalactamase 1 (NDM-1) E. coli
strain. The recently discovered NDM-1 enzyme hydrolyzes a wide spectrum of beta-lactam
antibiotics, including carbapenems (Mochon, A. B. ef al. (2011) Journal of clinical
microbiology 49:1667-1670). This resistance to antibiotics commonly used in treatment
causes recalcitrant infections that are treatable only with a handful of drugs of last resort.
This study, therefore, sought primarily to identify transcription factor combinations that could
potentiate existing antibiotics for treatment.

The combinatorial library was transformed into an E. coli NDM-1 strain that was
produced by conjugation of an E. coli M(G1655 strain with a clinical isolate of Klebsiella
pneumoniae NDM-1. The broad-spectrum resistance of the E. coli NDM-1 strain was
verified across a range of antibiotics, and it was found that its resistance profile resembled
that of the original Klebsiella pneumonia isolate (Table 2). To identify combinations that
potentiated antibiotic killing, the transformed NDM-1 strain was subjected to conditions with
and without aTc induction and ceftriaxone treatment (FIG. 18A). Ceftriaxone is a third-
generation cephalosporin with broad spectrum activity and is used clinically to treat
pneumonia, bacterial meningitis, and gonorrhea. Populations under each condition were

harvested at specified growth stages to observe the shifting distributions of the population
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over time. These samples were multiplexed for high-throughput sequencing on the Illumina

HiSeq platform.

Table 2. E. coli NDM-1 Antibiotic Resistance Profile, NDM-1 MICs (pg/mL)

Antibiotic Tested Previously Reported”
Amoxicillin >512
Ceftriaxone >128 >32
Colistin <0.125 0.25
Gentamicin >256 >10
Imipenem >32 8
Piperacillin-Tazobactam >256 piperacillin, 32 >128
tazobactam

To determine the influence of each combination on NDM-1 viability, the abundance
of each combination in a particular experimental condition was compared against its
abundance in other experiments. For example, combinations that were especially over-
represented in the presence of both aTc and ceftriaxone, compared to aTc alone and
ceftriaxone alone, suggested that the combination conferred a relative growth advantage to
the cell. Likewise, combinations that were under-represented in both aTc and ceftriaxone
conferred bactericidal synergy with ceftriaxone. Combinations leading to phenotypes of
synergistic killing, neutral growth, and advantageous growth were selected. Hierarchical
clustering on the combinations and their scores in each experiment showed clustering by
phenotype class (FIG. 18B). To gauge the influence of gene order in the expression
construct, hierarchical clustering was also performed on these combinations and their
reciprocal configurations. The combinations of the same phenotype clustered together
regardless of order (FIG. 19).

Each gene pair was cloned and its activity validated in antibiotic susceptibility assays.
Combinations identified as synergistic showed a significant amplification of killing by three
to four orders of magnitude compared to antibiotic alone or aTc alone (FIG. 20A), and
significantly greater amplification than controls (FIG. 20B). By contrast, combinations
identified as advantageous showed minimal amplification of killing by antibiotic alone (FIG.
20C). Although the advantageous combinations did not confer additional survival beyond
antibiotic alone, the innocuous expression of the gene pairs led to high abundances in the
library experiments compared to synergistic and control combinations.

By enabling high-throughput screening of combinatorial libraries, Massively Parallel

Combinatorial Genetics enables discovery of unexpected synergy between seemingly
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unrelated proteins. The synergistic combination mtIR and uidR regulate mannitol and -
glucoside metabolism, respectively. Each gene individually has not been reported to mediate
antibiotic resistance and showed minimal effect in antibiotic susceptibility assays (FIG. 21A).
Similarly, qseB and bolA are implicated in pathways associated with virulence and stress
response, respectively, and showed significantly lower activity as individual genes compared
to pairwise combinations (FIG. 21B).

To study whether Massively Parallel Combinatorial Genetics can identify
combinations across a range of antibiotics, the combinatorial library was exposed to the beta-
lactam antibiotics imipenem and piperacillin-tazobactam, and to the aminoglycoside
antibiotic, gentamicin. Along with ceftriaxone, each antibiotic is used widely in clinical
scenarios and is degraded by the NDM-1 strain. Interestingly, the beta-lactam antibiotics
clustered together separately from gentamicin, possibly because of their distinct mechanisms
of action (FIGs. 22, 25). Massively Parallel Combinatorial Genetics is therefore able to
distinguish nuances of experimental treatments.

To determine whether Massively Parallel Combinatorial Genetics can identify lethal
combinations amplifying the bactericidal activity of antibiotics, combinations with reduced
abundance in presence of aTc and aTc plus ceftriaxone were selected. Combinations that
showed over 5 orders of magnitude greater killing of the bacterial population compared to
ceftriaxone alone were discovered (FIG. 23A). Because many genes are toxic, random
combinations of toxic genes were constructed to assess whether Massively Parallel
Combinatorial Genetics can identify especially lethal combinations. Identified combinations
showed an average of an order of magnitude greater killing at the point of lowest cell density
(FIG. 23B). Furthermore, the combinations showed longer sustained killing over a period of
10 hours.

This study also assessed whether the large killing effect resulted from synergy
between its two constituent genes. While forR and metR are toxic when expressed
individually, the summation of their activities did not fully recapitulate the activity of the
combination, suggesting a synergy between their effects (FIG. 23C). Massively parallel
combinatorial genetics can therefore isolate combinatorial perturbations leading to strong
phenotypes that are not ex ante apparent from the combination’s individual constituents.

Toxic gene combinations could be effective adjuvants for antibiotic treatment if
delivered, for example, by phage. Combination constructs were packaged in phagemids and
an E. coli EMG?2 strain conjugated with a clinical isolate of Klebsiella pneumoniae NDM-1

was infected. Induction of genes in conjunction with ceftriaxone led to greater killing of one
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to two orders of magnitude compared to ceftriaxone alone, whereas a control phagemid
showed no improvement (FIG. 23D).

To demonstrate ready scalability of the Massively Parallel Combinatorial Genetics
method to higher-order combinations, tri-wise combination libraries were constructed from
the pairwise TF library. A lower complexity library was produced by combining 189 x 187 x
18 genes (FIG. 26). Out of 636,174 possible combinations, 516,798 unique combinations
(81% of all possible combinations) were recovered from approximately 17 million
sequencing reads. A higher complexity library was also produced by combining 189 x 187 x
187 genes (FIG. 27). Out of 6,609,141 possible gene combinations, 4,042,316 combinations
(61%) were recovered from approximately 20 million sequencing reads. Greater coverage of
the library can likely be achieved through additional electroporations and dedicating a greater
number of reads to the sample.

Through Massively Parallel Combinatorial Genetics, gene combinations conferring
strong phenotypes in antibiotic resistance were reliably identified. High-throughput
sequencing applied to the library assembly strategy enabled censusing of pooled
combinatorial populations at an unprecedented scale. The methods provided herein are
flexible and can build high-order combinations of any DNA element of choice, including
gene expression and knockdown constructs, synthetic circuit components, and genomic
sequences. Massively parallel combinatorial genetics could be used to generate complex
interactome datasets, screen for combinatorial inducers of desired phenotypes such as
differentiation, and characterize synthetic circuits at unprecedented scale and efficiency.
Massively parallel combinatorial genetics using restriction enzymes may also be adapted to
Gibson isothermal assembly or recombinases in situations where the library is incompatible
with restriction sites. Probing complex phenotypes and emergent network properties will

greatly contribute to the understanding of biological systems and their applications.

Methods

Bacterial Strains and Culture Conditions. E. coli DH5a cells used for cloning were obtained
from New England Biolabs. E. coli ElectroTen-Blue cells used for library electroporation
were obtained from Agilent. E. coli MG1655 cells conjugated with a clinical isolate of K.
pneumonia producing NDM-1 were used for antibiotic susceptibility and persistence assays.

Cultures grew in Luria-Bertoni (LB) broth with these chemical concentrations unless
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otherwise noted: aTc at 100 ng/uL, carbenicillin (Carb) at 50 pg/mL, chloramphenicol (Cm)
at 30 pg/mkL, ceftriaxone at 192 pg/mL.

Chemicals. T4 DNA ligase, TS5 exonuclease, and restriction enzymes were obtained from
New England Biolabs. Polymerase chain reactions were performed with HiFi  HotStart from
Kapa Biosystems. Oligonucleotides were purchased from Integrated DNA Technologies.
Antibiotics were purchased from Sigma and Enzo Life Sciences. All other chemicals were

purchased from Sigma-Aldrich.

Library Construction. To build the barcoded single-transcription factor (TF) library, Gibson
isothermal assembly was used to ligate a unique 6-base pair barcode with the Py tetO
promoter, the TF open reading frame (ORF), and the vector backbone. Each barcode was 6
base pairs in length and separated by every other barcode by a genetic distance of at least 2
bases. Transcription factor ORF sequences were obtained from the ASKA Clone(-) library
from NBRP-E. coli at NIG. All TF expression constructs were followed by terminator
BBa_B1006 from the Registry of Standard Biological Parts. Each barcoded TF contained
restriction sites in this configuration: Spel-Barcode-AvrII-PspOMI-TF expression construct -
Notl. Inserts were generated from each vector by PCR with two common primers.

To construct the pairwise combinatorial library, all vectors and inserts were measured
for concentration on NanoDrop 2000 (Thermo Scientific) and pooled in equimolar amounts
to form a vector pool and an insert pool. The vector pool was digested with Avrll and
PspOMi, and the insert pool was digested with Spel and Notl. Both digests were then
purified through phenol/chloroform extraction and ethanol precipitation. The digest pools
were ligated with T4 DNA ligase, purified with phenol/chloroform and ethanol precipitation,
and electroporated into ElectroTen-Blue cells per manufacturer’s protocol. A total of
3,000,000 transformants were obtained and grown to mid-log in 100 mL of LB + 30 pg/mL
chloramphenicol. Plasmids were isolated through Midi Prep (Qiagen) and electroporated into

E. coli NDM-1.

Antibiotic Treatments. Antibiotic assays were performed at 37 °C in a 96-well clear-bottom

plate on a VersaMax = Microplate Reader and shaker (Molecular Devices). All culture wells
held 200 pL. Frozen stocks of NDM-1 with library were diluted into LB with or without 100
ng/pL. aTc. When these cultures reached an OD600 = 0.6, they were diluted 1:100 into wells

with or without antibiotic and with or without 100 ng/uLL aTc. Antibiotic concentrations used
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were: ceftriaxone low: 64 ug/mL; ceftriaxone high: 256 ng/mL; imipenem low: 32 ng/mL;
imipenem high: 96 ug/mL; piperacillin-tazobactam low: 64 ng/mL piperacillin, § pg/mL
tazobactam; piperacillin-tazobactam high: 256 pg/mL piperacillin, 32 pg/mL tazobactam;
gentamicin low: 32 pg/mL; gentamicin high: 256 pg/mL. These wells were grown until OD =
0.3 0or 0.9. All DNA from wells was harvested by alkaline lysis and ethanol precipitation.
Each miniprep sample was assayed for concentration using SYBR® Fast qPCR kits (Kapa

Biosystems).

High Throughput Sequencing. Each sample was prepared for Illumina HiSeq" sequencing by
adding an indexing barcode and Illumina anchor sequences through polymerase chain
reaction (PCR). To prevent PCR bias that would skew the population distribution, PCR
reactions were terminated during exponential phase. PCR products were purified with
AMPure XP beads (Agencourt®), concentration quantified via qPCR, and pooled in
equimolar amounts. Multiplexed samples were then sequenced using the primers indicated

below.

Primers for amplifying CombiGEM populations for sequencing.

Forward primer:
AATGATACGGCGACCACCGAGATCTACACCGCTGGCAAGTGTAGC (SEQ ID NO:2)
Barcoded reverse primer:
CAAGCAGAAGACGGCATACGAGATNNNNNNGGGAGGGCCCGTTG (SEQ ID NO:3)
[lumina sequencing primer:
CCACGAGGATTCGAAAAGGTGAACCGACCCGGTCGATGCACTAGT (SEQ ID
NO:4)

[lumina indexing primer: CCTAGGAGCAAGTACGAACAACGGGCCCTCCC (SEQID
NO:5)

Population Analysis. Raw reads for each gene pair in each experiment were processed from
sequencing data. To ensure valid log transformation downstream, a pseudo read of 1 was
added for each gene pair-experiment combination. Reads for each combination were
normalized to the total reads in each experiment and to fluorophore controls (pairwise
combinations consisting only of eCFP (enhanced cyan fluorescent protein), GFP (green
fluorescent protein), and mCherry) in each experiment. To correct for the batch effect of aTc

using the multiplicative model, the normalized reads for each gene pair-experiment were
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divided by the median reads of that gene pair from all experiments in either aTc on or off.
Finally, the normalized and batch corrected reads were log transformed, producing the
comparable abundance for each combination of drug and gene pair. The difference between
the abundances of a gene pair in two experiments corresponds to the log ratio of their
normalized and batch corrected reads. The calculation of the interaction scores is based on
the additive model between the comparable abundance for a gene pair under a particular drug

condition and the mean of abundances for a reference set that consists of all the drug screens.

k

i

0;

The formula for the synergistic interaction S-score is defined as Sif = , where i,j is a

o . . . — 1 .
combination of genes i and j, k spans a set of experiments, &, = —Za'lf is the mean of
n; %

k . . .. .
abundances a; from n; experiments, and 0'5 is the overall standard deviation with a

minimum bound that accounts for the systematic variance.

Clustering Analysis. Hierarchical clustering was performed across a subset of gene pairs and

experiments with Pearson correlation and average linkage.

Antibiotic Susceptibility Assays. Specific combinations identified through analysis were
constructed on the vector backbone, verified through Sanger sequencing, and transformed
into NDM-1. Frozen stocks were grown overnight in LB + Carb + Cm, then diluted 1:100
into 2 mL LB + Cm and grown at 37 °C for 1 hour. aTc and ceftriaxone were added where
appropriate, and cultures were returned to 37 °C. To obtain colony forming unit (cfu) counts
at indicated time points, 100 pL of relevant cultures were collected, washed in phosphate
buffered saline (PBS), and resuspended in 100 pL of PBS. Serial dilutions were performed
with PBS, and 10 uL of each dilution was plated on LB agar plates. LB agar plates were

incubated at 37 °C overnight before counting.

Flow Cytometry. Cultures containing minimum and maximum fluorescence levels were used
to calibrate the fluorescein isothiocyanate and PE-TexasRed® filter voltages on a BD
LSRFortessa high-throughput sampler to measure GFP and mCherry expression levels,
respectively. GFP was excited with a 488-nm laser and mCherry was excited with a 561-nm
laser. Voltage compensation for fluorescein isothiocyanate and PE- TexasRed was not

necessary for any experiment.
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Example 7A: Demonstration of Massively Parallel Combinatorial Genetics in Yeast
Cells

GFP and mCherry are each barcoded, placed under the control of a GAL-responsive
promoter, and flanked by restriction sites for the restriction site methodology. These are
placed in an pRS shuttle vector containing an £. coli pMB1 origin, an ampicillin resistance
cassette, a yeast centromere CENG6 origin, and the URA3 gene for auxotrophic selection.
Inserts are generated from vectors via PCR. A pooled combinatorial library is created and
transformed into E. coli, from which plasmid is isolated and introduced into yeast cells. The
pooled population containing all combinations of reporters is grown in the presence of
galactose and analyzed via flow cytometry on green and red, showing three populations

representing the three unique pairwise combinations of GFP and mCherry.

Example 7B: Demonstration of Massively Parallel Combinatorial Genetics in Yeast
Cells

Massively parallel combinatorial genetics can be used to elucidate the pathological
mechanisms underlying complex human diseases. For example, the methods provided herein
may be used to investigate the regulation of lifespan and neurodegenerative disorders in yeast
models. Through the exploration of high-order genetic interactions, the methods of the
invention may be used to provide insights into novel therapeutic strategies and drug
discovery in age-related diseases.

Two yeast models, one for Alzheimer’s Disease (increased amyloid-3, Ap,
production) and the other for Parkinson’s Disease (increased alpha-synuclein, aSyn), were
used to explore combinatorial genetic factors that may be beneficial to clinical therapy.

The repetitive AP or aSyn expression array was integrated in yeast genome (the W303
background) and controlled by galactose induction. FIG. 28 depicts a yeast strain generated
by integrating multiple tandem copies of aSyn with a galactose (Gal)-inducible promoter. In
order to minimize the size of plasmid backbone for library construction, the reverse
tetracycline transactivator (rtTA), part of the Tet-ON expression system (Gossen, M. et al.,
Science 268(51218):1766-9 (1995)), was integrated into both yeast strains. The Tet-ON
induction was tested by using different fluorescent proteins (such as eGFP and mCherry), and
consistently detected robust gene activation (about 50-fold increase) with doxycycline (Dox)
treatment. Furthermore, neither the integrated rtTA nor the Dox treatment affects cell growth
or the inducible amyloid toxicity. Similarly, the rtTA was successfully integrated in wild-

type strain (the BY4741 background) to study longevity.
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Construction of barcoded combinatorial library and pairwise combination trial

An overexpression library of transcriptional regulators including 196 transcriptional
factors and 29 histone modification enzymes was constructed. Amyloid toxicity is generally
due to the dysfunction of protein quality control, therefore yeast genes involved in
ubiquitin/proteasome, autophage, and chaperone pathways (another 224 genes) were also
collected. With 54 genes known as AP (or aSyn) suppressors and yeast lifespan modulators,
all the gene sequences were pooled together and two pairs of compatible restriction enzymes
for BioBrick® assembly were identified. As shown in FIG. 29, each gene in the library and
its unique barcode are flanked by universal restriction enzyme cutting sites so that one can,
for example, systematically scale up the library assembly and perform high-throughput
sequencing for genetic combinations, which is characteristic of Massively Parallel
Combinatorial Genetics.

To validate the Massively Parallel Combinatorial Genetics strategy in yeast, a trial
was set up with three fluorescent genes (EGFP, mCherry, and EBFP2). Each gene was
cloned into the library backbone plasmid with an assigned barcode by the Gibson isothermal
method. To construct pairwise combinations, individual barcoded plasmids were equally
pooled together and then digested with AvrlIl and Notl as assembly vectors (FIG. 29). Spel
and PspOMI were used to create inserts from the same DNA pool. Through DNA ligation,
all nine possible pairwise combinations were recovered by sequencing barcodes from random
colonies.

Pairwise combinations of EGFP and mCherry were then chosen to examine gene
expression in different order on the plasmid. In each case, both fluorescent genes show
similar expression levels and are comparable to single gene construct (~50-fold induction)
(FIG. 30). Massively parallel combinatorial genetics was compared with the P2A method for
polycistronic expression (Fang et al., Nature Biotechnology 23:584-590 (2005)) to
simultaneously express two fluorescent genes on the same plasmid. Unlike the expression
profile of the Massively Parallel Combinatorial Genetics clones, the expression profile of the
P2A clones is not predictable by exchanging the order of genes. Thus, the Massively Parallel
Combinatorial Genetics strategy is powerful and reliable for building build a high-order

combinatorial library.

CRISPR-based multiple gene targeting
In addition to Massively Parallel Combinatorial Genetics, a CRISPR (Clustered

Regularly Interspaced Short Palindromic Repeats) strategy was used to program
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combinatorial gene expression in the yeast models. Generally, CRISPR carries out targeted
DNA double-strand break in four sequential steps. First, two non-coding RNA, the pre-
crRNA array and tracrRNA, are transcribed from the CRISPR locus. Second, tractrRNA
hybridizes to the repeat regions of the pre-crRNA and mediates the processing of pre-crRNA
into mature crRNAs containing individual spacer sequences. Third, the mature
crRNA:tractRNA complex directs Cas9 to the target DNA via Watson-Crick base-pairing
between the spacer on the crRNA and the protospacer on the target DNA next to the
protospacer adjacent motif (PAM), an additional requirement for target recognition. Finally,
Cas9 mediates cleavage of target DNA to create a double-stranded break within the
protospacer.

Herein, the synthetic Cas9 endonuclease complexes with designed guide RNAs
(gRNAs) are used to determine site-specific digestion. By using a Cas9 nuclease mutant
(dCas9) that retains the DNA-binding capacity, dCas9 was engineered to function as a
transcriptional activator or repressor (dCas9-VP16), which is regulated by the Tet-ON
inducible system, and integrated in the aSyn (also the longevity assay) strain (FIG. 31). The
sequence binding specificity of gRNA is only contributed by its 16 nucleotide, suggesting
that a single gRNA can mediate multiple gene targeting. In parallel, a combinatorial gRNA
library for aging and age-related assays was also constructed. gRNAs are different only in 20
nucleotides, therefore they can be used as unique barcodes to recover genetic combinations
by direct sequencing.

Wild-type Cas9 was also integrated into the yeast model strains. With specific gRNA
collections, early stop codons are introduced by gRNA-mediated genome editing. Thus,

high-order combinatorial screening of genetic knockdown is performed (FIG. 32).

Example SA: Demonstration of Massively Parallel Combinatorial Genetics in

Mammalian Cells

GFP-mCherry combinations are also demonstrated in mammalian cells. GFP and
mCherry are each barcoded, placed under the control of a tetracycline-responsive promoter
(TRE), and flanked by restriction sites for the restriction site methodology. These are placed
in a vector consisting of a pUC origin and a neomycin resistance cassette. Inserts are
generated from vectors via PCR. A pooled combinatorial library is created and transformed
into E. coli, from which plasmid is isolated and introduced into HeLa cells producing rtTA.

The pooled population containing all combinations of reporters is grown in the presence of
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doxycycline and analyzed via flow cytometry on green and red, showing three populations

representing the three unique pairwise combinations of GFP and mCherry.

Example 8B: Demonstration of Massively Parallel Combinatorial Genetics in

Mammalian Cells Using micro RNAs

To express precursor-miR (microRNA) and measure its activity in human cells, a
lentiviral vector consisted of tandem transcriptional units expressing precursor-miR along
with a GFP gene and a miR sensor sequence (e.g., four repeats of the miR’s complementary
target sequences) at the 3’UTR of a RFP gene was constructed (FIG. 33). Control expression
vectors without either precursor-miR or miR sensor sequence were also built for comparison
(FIG. 33). Lentiviruses generated for each vector were used to infect human embryonic
kidney cells (HEK293T) and primary human dermal fibroblasts (HDF). Flow cytometry was
conducted to measure cell populations positive for GFP and RFP fluorescence, and the
percentage of RFP" cells over GFP" cells was determined. Results revealed that the majority
of GFP-precursor-miR-expressing cells did not display RFP fluorescence when the sensor
sequence was included (FIGs. 34 and 35), indicating that individual precursor-miR can be
expressed with our lentiviral vector in human cells. A single vector designed to allow
combinatorial miRs expression would ensure their consistent expression ratio in all targeted
cells. The lentiviral vector was next constructed to express two tandemly arranged precursor-
miRs (e.g., miR-128-132) along with a GFP gene. The lentiviral vector may also be
constructed with barcode elements, as described elsewhere herein. The expressed
combinatorial precursor-miRs exhibited comparable activities as they were independently
expressed (FIGs. 36 and 37). These results demonstrate that the lentiviral vector can be used
to efficiently drive combinatorial miR expression in human cells. The lentiviral vectors used

in this study are depicted in FIGs. 38 and 39.

Method
Lentiviral vector construction. Precursor-miR (Table 3) and miR sensor (Table 4)
sequences were PCR amplified from synthesized gene fragments and cloned into a lentiviral

vector backbone.
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Table 3. List of precursor-miR sequences used.

Precursor-

miR Sequence
AGGTGGGAGTACTGCTCAGAGCTACAACTCTAGGAGTAG
GGACTCCAAGCCTAGAGCTCCAAGAGAGGGTGAAGGGCA
GGGAGAAAATTATAGTAATAGTTGCAATGAGTCACTTGCT

miR-124 TCTAGATCAAGATCAGAGACTCTGCTCTCCGTGTTCACAG

CGGACCTTGATTTAATGTCATACAATTAAGGCACGCGGTG
AATGCCAAGAGCGGAGCCTACAGCTGCACTTGAAGGACA
TCCGAGAGAAGTTAGGAAGGGTGGGGAGAAACAATTCTA
GAATGAACCCATCCTGTGCGACAC (SEQ ID NO:6)

ATACTGTGAAGTACACTGCATATAAGGAGTGTGGTATAGT
ATAAAGAAACTTTCTGCAGGTAGTAATTATAGTGAAGATT
TTAGGTTTACAAAGCCCTAGCTGTTTTCTGTGTAGCTTTTA
TTATTCTTATGACTCTTGACAAGTTTGTAGCTTCACCATAT
ACATTTAATATTTTGCAATAATTGGCCTTGTTCCTGAGCTG
miR-128 TTGGATTCGGGGCCGTAGCACTGTCTGAGAGGTTTACATT
TCTCACAGTGAACCGGTCTCTTTTTCAGCTGCTTCCTGGCT
TCTTTTTACTCAGGTTTCCACTGCTTTTTTGCTTTTTTTAAT
GCTGTATGAAGGTGTTAACATTTGTTTATATTTTTCATTAA
TTGTAATACCTTTAAATCATGCATCATACTCAGAAATAGG
GATTAGAATTTAAGTGACATCTTTGGCC (SEQ ID NO:7)

CTAGCCCCGCAGACACTAGCGCCACCCCCGCCGCCCGCG
GTGCTGACGTCAGCCTGCAAGCCCCGCCCCCGCGTCTCCA
GGGCAACCGTGGCTTTCGATTGTTACTGTGGGAACCGGAG
GTAACAGTCTACAGCCATGGTCGCCCCGCAGCACGCCCAC
GCTCCCCACCACTCCCGAGTTCTGCCAGCCTGGGTTTGGG
CAGATACAGAGCAAGAGGAGGCGGGG (SEQ ID NO:8)

miR-132

Table 4. List of miR sensor sequences used.

miR sensors | Sequence

GGCACAGATAATAACCTGCAAAAAGGCATTCACCGCGTGC

CTTAGGCATTCACCGCGTGCCTTAGGCATTCACCGCGTGCC
TTAGGCATTCACCGCGTGCCTTAAATGCAGGCGGGCCAGAT
ATAC (SEQ ID NO:9)

miR-124

GGCACAGATAATAACCTGCAAAAAGAGACCGGTTCACTGT
GAAAAGAGACCGGTTCACTGTGAAAAGAGACCGGTTCAC
TGTGAAAAGAGACCGGTTCACTGTGAAATGCAGGCGGGC

CAGATATAC (SEQ ID NO:10)

miR-128

GGCACAGATAATAACCTGCAAAAACGACCATGGCTGTAGA
CTGTTACGACCATGGCTGTAGACTGTTACGACCATGGCTGT
AGACTGTTACGACCATGGCTGTAGACTGTTAAATGCAGGC
GGGCCAGATATAC (SEQ ID NO:11)

miR-132
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Example 9: Massively Parallel Combinatorial Genetics using Recombinases

Massively parallel combinatorial genetics can also be achieved using recombinases.
As shown in FIG. 9, recombination forms the basis behind techniques such as Gateway®
cloning. Briefly, DNA pieces flanked by compatible recombination sequences can be
exchanged using defined Clonase  enzyme reaction mixes. For example, in Gateway®
cloning, attB recombination sequences are compatible with a#P sequences and form atL. and
attR sites after the recombination reaction. atfL and at/R sites are in turn compatible and
generate arrB and arfP sites. In Gateway® technology, four orthogonal sets of a#B, attP,
attL and atfR sequences exist.

A non-limiting example of a recombination-mediated combinatorial genetics
technology is shown in FIG. 11. This embodiment employs two vector libraries, in which
two recombination sequences are located between the DNA element and its barcode element.
The inserts can be generated by PCR and can contain a flanking pair of orthogonal
recombination sequences. att recombination sequences are represented by B, P, L or R. BC =
Barcode, DNA = DNA element.

As shown in FIG. 12, to generate combinations iteratively, a vector from either library
can be used. The iterative reaction proceeds by alternating between the two insert libraries,
beginning with the inserts generated from the vector library that was not used for the initial
recombination step.

The specific recombination sequences to be used can be altered as long as minimal
requirements for compatibility are met to prevent undesired recombination. The approximate
lengths of at/B, attP, attL, and attR sequences are 30, 240, 100, and 160 nucleotides,
respectively. In some embodiments, insertion of a#tB and artL sites between barcodes can

optimize the length of sequence to be read by sequencing or other methods.

Example 10: Massively Parallel Combinatorial Genetics using a Single Enzyme

Separation Site

Massively parallel combinatorial genetics can be conducted using a single restriction
site located between the DNA element and barcode element within a genetic construct. FIG
15 demonstrates a vector in which a barcode element and DNA element are separated by a
restriction site for the restriction enzyme BglIl. Also depicted is an insert that contains a
DNA element and a barcode element. The insert contains a restriction site for the restriction
enzyme BglII located between the DNA element and barcode element, and restriction sites

for the restriction enzyme AlwNI located outside the DNA element and barcode element. The
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restriction enzymes BglII and AlwNI generate compatible ends such that when the vector is
cleaved by BglII and the insert is cleaved by AIwNI, the vector and insert are annealed to
each other, generating a vector that contains two DNA elements and two barcode elements

separated by a single restriction site for the enzyme BglII.

The invention is further described by the following numbered paragraphs:
1. A genetic construct comprising:

a DNA element;

a first compatible end element and a second compatible end element flanking the
DNA element, wherein the first and second compatible end elements are capable of annealing
to each other;

a barcode element;

a third compatible end element and a fourth compatible end element flanking the
barcode element, wherein the third and fourth compatible end elements are capable of
annealing to each other but are not capable of annealing to the first or second compatible end
elements; and

a separation site located between the fourth compatible end element and the first
compatible end element, wherein the DNA element, first compatible end element and second
compatible end element are on one side of the separation site, and the barcode element, third
compatible end element and fourth compatible end element are on the other side of the

separation site.

2. The genetic construct according to paragraph 1, wherein the DNA element contains at
least two nucleotide sequences in tandem, each nucleotide sequence encoding a gene of

interest.

3. The genetic construct according to paragraph 2, wherein the genetic construct

contains at least two barcode elements in tandem.

4. The genetic construct according to any one of paragraphs 1-3, wherein each

nucleotide sequence is operably linked to an inducible promoter.

5. The genetic construct according to any one of paragraphs 2-4, wherein the gene of

interest is a transcription factor and/or histone modification enzyme.
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6. The genetic construct according to any one of paragraphs 2-5, wherein:

(a) at least one of the nucleotide sequences encodes m#/R and at least one of the
nucleotide sequences encodes uidR;

(b) at least one of the nucleotide sequences encodes gseB and at least one of the
nucleotide sequences encodes bolA;

(©) at least one of the nucleotide sequences encodes rstA and at least one of the
nucleotide sequences encodes rob;

(d) at least one of the nucleotide sequences encodes rstA and at least one of the
nucleotide sequences encodes mirA;

(e) at least one of the nucleotide sequences encodes rcsB and at least one of the
nucleotide sequences encodes mirA;

) at least one of the nucleotide sequences encodes feaR and at least one of the
nucleotide sequences encodes hcaR;

(g2) at least one of the nucleotide sequences encodes feaR and at least one of the
nucleotide sequences encodes hcaR;

(h) at least one of the nucleotide sequences encodes forR and at least one of the
nucleotide sequences encodes metR;

(i) at least one of the nucleotide sequences encodes nhaR and at least one of the
nucleotide sequences encodes melR;

() at least one of the nucleotide sequences encodes allR and at least one of the
nucleotide sequences encodes met.J;

(k) at least one of the nucleotide sequences encodes mall. and at least one of the
nucleotide sequences encodes yfeT’;

I at least one of the nucleotide sequences encodes cadC and at least one of the
nucleotide sequences encodes allR;

(m) atleast one of the nucleotide sequences encodes torR; or

(n) at least one of the nucleotide sequences encodes metR.

7. The genetic construct according to any one of paragraphs 2-6, wherein the at least two

nucleotide sequences in tandem potentiate antibiotic lethality in a bacterial cell.

8. The genetic construct according to paragraph 7, wherein the bacterial cell is resistant

to at least one antibiotic.
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0. The genetic construct according to paragraph 7 or 8, wherein the bacterial cell is a

New Delhi metallo-betalactamase 1 (NDM-1) Escherichia coli cell.

10. The genetic construct according to paragraph 8 or 9, wherein the antibiotic is
ceftriaxone, imipenem, piperacillin, tazobactum, gentamicin or a combination of any two or

more of the foregoing.

1. The genetic construct according to paragraph 1, wherein the DNA element contains at

least one microRNA (miR) sequence, or at least two miR sequences in tandem.

12. The genetic construct according to paragraph 11, wherein the genetic construct

contains at least two barcode elements in tandem.

13. The genetic construct according to paragraph 11 or 12, wherein the miR is operably

linked to an inducible promoter.

14. The genetic construct according to any one of paragraphs 11-13, wherein the miR is

selected from miR-124, miR-128 and miR-138.

15. The genetic construct according to any one of paragraphs 11-13, wherein the at least

two miR in tandem are a combination selected from miR-124, miR-128 and miR-138.

16. A phagemid comprising at least one genetic construct according to any one of

paragraphs 1-15.

17. A recombinant bacteriophage comprising the phagemid according to paragraph 16.
18. The recombinant bacteriophage according to paragraph 17, wherein the recombinant
bacteriophage is of a family selected from Myoviridae, Siphoviridae, Podoviridae,

Tectiviridae, Corticoviridae, Lipothrixviridae, Plasmaviridae, Rudiviridae, Fuselloviridae,

Inoviridae, Microviridae, Leviviridae and Cystoviridae.

50



10

15

20

25

30

WO 2014/005042 PCT/US2013/048619

19. The recombinant bacteriophage according to paragraph 18, wherein the recombinant

Inoviridae bacteriophage is an M13 or M13-like bacteriophage.

20. A method of screening for genes that potentiate antibiotic lethality, the method
comprising:

transforming antibiotic resistant bacterial cells with the library comprising two of
more genetic constructs according to any one of paragraphs 1-15;

subjecting the transformed bacterial cells to treatment with a cognate inducer, an
antibiotic, and a combination of cognate inducer and antibiotic treatment;
comparing cell phenotypes among each treatment condition; and

selecting phenotypes of synergistic killing, neutral growth and assessing cell

phenotype for each treatment.

21. The method according to paragraph 20, further comprising sequencing genetic

constructs from bacterial cells having selected phenotypes.

22. A method for generating a combinatorial genetic construct, comprising:

providing a vector containing a first genetic construct according to any one of
paragraphs 1-15;

cleaving the vector at the separation site within the first genetic construct, resulting in
the first genetic construct being separated into first and second segments;

providing a second genetic construct according to any one of paragraphs A1-A15; and

annealing the second genetic construct to the cleaved vector, wherein the annealing
occurs at compatible end elements within the first and second genetic constructs that are
capable of annealing to each other, and wherein after annealing, the second genetic construct
is integrated between the first and second segments of the first genetic construct, creating a

combinatorial genetic construct.

23. The method according to paragraph 22, wherein the method is iterative.

24, A method for identification of a DNA element or a plurality of DNA elements,

comprising:

providing a genetic construct according to any one of paragraphs 1-15;
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conducting an assay to determine the DNA sequence of the barcode or plurality of
barcodes within the genetic construct and/or the DNA sequence of the DNA element or
plurality of DNA elements within the genetic construct; and

identifying the DNA element or plurality of DNA elements.

25. A library comprising:

two or more genetic constructs according to any one of paragraphs 1-15.

26. A method for generating a combinatorial genetic construct, comprising:
providing a vector comprising:
a first DNA element,
a first barcode element, and
two site-specific recombination elements located between the first DNA
element and the first barcode element;
providing a first insert comprising:
a second DNA element,
a second barcode element, and
site-specific recombination elements flanking each of the second DNA
element and the second barcode element, such that two site-specific recombination elements
are located between the second DNA element and the second barcode element that are not
compatible with the site-specific recombination elements within the vector, and two site-
specific recombination elements are located outside of the second DNA element and the
second barcode element that are compatible with the site-specific recombination elements
within the vector;
conducting site specific recombination between the vector and the first insert, wherein
the site specific recombination occurs between the site-specific recombination elements
within the vector located between the first DNA element and the first barcode element and
the compatible site-specific recombination elements within the first insert located outside of
the second DNA element and the second barcode element, and wherein following site-
specific recombination, the first insert is located within the vector, and the vector contains
multiple DNA elements and multiple barcode elements, with two site-specific recombination
elements located between the multiple DNA elements and the multiple barcode elements;
providing a second insert comprising:

a third DNA element,
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a third barcode element, and
site-specific recombination elements flanking each of the third DNA element

and the third barcode element, such that two site-specific recombination elements are located
between the third DNA element and the third barcode element that are not compatible with
the two site-specific recombination elements located between the multiple DNA elements and
the multiple barcode elements of the vector, and two site-specific recombination elements are
located outside of the third DNA element and the third barcode element that are compatible
with the two site-specific recombination elements located between the multiple DNA
elements and the multiple barcode elements of the vector;

conducting site specific recombination between the vector and the second insert,
wherein the site specific recombination occurs between the site-specific recombination
elements within the vector located between the multiple DNA elements and the multiple
barcode elements and the compatible site-specific recombination elements within the second
insert located outside of the third DNA element and the third barcode element, and wherein
following site-specific recombination, the second insert is located within the vector, and the
vector contains multiple DNA elements and multiple barcode elements, with two site-specific
recombination elements located between the multiple DNA elements and the multiple
barcode elements; and

repeating the site-specific recombination an n™ number of times, alternating between
site-specific recombination between the vector and the first insert and site-specific
recombination between the vector and the second insert, thereby creating a combinatorial

genetic construct.
27. The method according to paragraph 26, wherein each DNA element contains a
nucleotide sequence encoding a different, or unique, transcription factor and/or histone

modification enzyme.

28. The method according to paragraph 26, wherein each DNA element contains a

nucleotide sequence encoding a different, or unique, microRNA (miR).

29. A combinatorial genetic construct produced by the method according to any one of

paragraphs 26-28.
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30. A method for identification of a DNA element or a plurality of DNA elements,
comprising:

providing a combinatorial genetic construct according to paragraph 29;

conducting an assay to determine the DNA sequence of one or more barcode elements
within the combinatorial genetic construct and/or the DNA sequence of one or more DNA
elements within the combinatorial genetic construct; and

identifying the DNA element or plurality of DNA elements.

31. A method for generating a combinatorial genetic construct, comprising:
providing a vector comprising:
a first DNA element,
a first barcode element, and
a recognition site for a first restriction enzyme located between the first DNA
element and the first barcode element;
providing an insert comprising:
a second DNA element,
a second barcode element,
a recognition site for the first restriction enzyme located between the second
DNA element and the second barcode element, and
two recognition sites for one or more restriction enzymes that are distinct from
the first restriction enzyme located outside of the second DNA element and second barcode
element, such that restriction digestion at the recognition site within the vector and at the two
recognition sites located outside of the second DNA element and second barcode element
within the insert generates compatible ends;
digesting the vector and insert with restriction enzymes;
annealing the insert to the vector, thereby producing a combinatorial genetic
construct containing multiple DNA elements and multiple barcode elements; and

optionally repeating the method an n™ number of times.
32. The method according to paragraph 31, wherein each DNA element contains a

nucleotide sequence encoding a different, or unique, transcription factor and/or histone

modification enzyme.
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33. The method according to paragraph 31, wherein each DNA element contains a

nucleotide sequence encoding a different, or unique, microRNA (miR).

34, A combinatorial genetic construct produced by the method according to any one of

paragraphs 31-33.

35. A method for identification of a DNA element or a plurality of DNA elements,
comprising:

providing a combinatorial genetic construct according to paragraph 34;

conducting an assay to determine the DNA sequence of one or more barcode elements
within the combinatorial genetic construct and/or the DNA sequence of one or more DNA
elements within the combinatorial genetic construct; and

identifying the DNA element or plurality of DNA elements.

SEQUENCES

SEQ ID NO:1 - Tandem precursor-miR expression

CGATATCAAGCTTATCGATAATCAACCTCTGGATTACAAAATTTGTGAAAGATTG
ACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCTTTAAT
GCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAA
ATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGC
GTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCA
CCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAA
CTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTG
ACAATTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGT
GTTGCCACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCA
ATCCAGCGGACCTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCG
TCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATC
GATACCGTCGACCTCGAGACCTAGAAAAACATGGAGCAATCACAAGTAGCAATA
CAGCAGCTACCAATGCTGATTGTGCCTGGCTAGAAGCACAAGAGGAGGAGGAGG
TGGGTTTTCCAGTCACACCTCAGGTACCTTTAAGACCAATGACTTACAAGGCAGC
TGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCA
CTCCCAACGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTAC
TTCCCTGATTGGCAGAACTACACACCAGGGCCAGGGATCAGATATCCACTGACCT
TTGGATGGTGCTACAAGCTAGTACCAGTTGAGCAAGAGAAGGTAGAAGAAGCCA
ATGAAGGAGAGAACACCCGCTTGTTACACCCTGTGAGCCTGCATGGGATGGATG
ACCCGGAGAGAGAAGTATTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATC
ACATGGCCCGAGAGCTGCATCCGGACTGTACTGGGTCTCTCTGGTTAGACCAGAT
CTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAA
AGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAA
CTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGGGCCCGT
TTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTTT
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GCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCC
TAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGG
GGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGG
CATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGG
GGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGT
GTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTC
CTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTC
TAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCC
CAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGAC
GGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCC
AAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGAT
TTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAAC
GCGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTC
CCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTG
TGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAA
TTAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCG
CCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGCAGA
GGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTT
GGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATTTTCGGAT
CTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAA
TACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTG
CTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGG
TTCTCCCGGGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGA
CCCTGTTCATCAGCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCT
GGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGT
CCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCGAGATCGGCGAGCAGC
CGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTGCGTGCACTTCG
TGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTCCACCGCCGCCTT
CTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTC
CAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAG
CTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATT
TTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATG
TCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTT
CCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCA
TAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTT
GCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGA
ATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCT
CGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCA
CTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAA
CATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCT
GGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCA
AGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCT
GGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGT
CCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTAT
CTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCG
TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGT
AAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGC
GAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTAC
ACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAA
AAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTT
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TTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCC
TTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGG
ATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAA
AATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTA
CCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCA
TAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATC
TGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTA
TCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACT
TTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTT
CGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTC
ACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGA
GTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGA
TCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACT
GCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGT
ACTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCC
GGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCAT
CATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGA
TCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTT
CACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAAAGG
GAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTA
TTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTT
AGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTG
ACGTCGACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATC
TGCTCTGATGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGT
CGCTGAGTAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGA
CAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTA
CGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAA
TTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTAC
GGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAAT
AATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGG
GTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGC
CAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGC
CCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTC
ATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGC
GGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTT
GTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCA
TTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGCGCG
TTTTGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTG
GCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCA
AGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCC
TTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAAG
CGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGC
GCACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTA
GCGGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGGGG
AGAATTAGATCGCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAA
ATATAAATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGT
TAATCCTGGCCTGTTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCT
ACAACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATTATATAATACAGTA
GCAACCCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAGGAAGCT
TTAGACAAGATAGAGGAAGAGCAAAACAAAAGTAAGACCACCGCACAGCAAGC
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GGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGTG
AATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCA
AGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAGTGGGAATAGGAGCT
TTGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCAATGA
CGCTGACGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAGCAGCAGAACA
ATTTGCTGAGGGCTATTGAGGCGCAACAGCATCTGTTGCAACTCACAGTCTGGGG
CATCAAGCAGCTCCAGGCAAGAATCCTGGCTGTGGAAAGATACCTAAAGGATCA
ACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCACCACTGCTGTG
CCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTTGGAATCACACGA
CCTGGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCT
TAATTGAAGAATCGCAAAACCAGCAAGAAAAGAATGAACAAGAATTATTGGAAT
TAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGTGGTA
TATAAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTT
GCTGTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCACCATTATCGTTTC
AGACCCACCTCCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAA
GAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATTAGTGAACGGATCGGC
ACTGCGTGCGCCAATTCTGCAGACAAATGGCAGTATTCATCCACAATTTTAAAAG
AAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAATAG
CAACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATT
TTCGGGTTTATTACAGGGACAGCAGAGATCCAGTTTGGTTAATTAAGGGTGCAGC
GGCCTCCGCGCCGGGTTTTGGCGCCTCCCGCGGGCGCCCCCCTCCTCACGGCGAG
CGCTGCCACGTCAGACGAAGGGCGCAGGAGCGTTCCTGATCCTTCCGCCCGGAC
GCTCAGGACAGCGGCCCGCTGCTCATAAGACTCGGCCTTAGAACCCCAGTATCA
GCAGAAGGACATTTTAGGACGGGACTTGGGTGACTCTAGGGCACTGGTTTTCTTT
CCAGAGAGCGGAACAGGCGAGGAAAAGTAGTCCCTTCTCGGCGATTCTGCGGAG
GGATCTCCGTGGGGCGGTGAACGCCGATGATTATATAAGGACGCGCCGGGTGTG
GCACAGCTAGTTCCGTCGCAGCCGGGATTTGGGTCGCGGTTCTTGTTTGTGGATC
GCTGTGATCGTCACTTGGTGAGTTGCGGGCTGCTGGGCTGGCCGGGGCTTTCGTG
GCCGCCGGGCCGCTCGGTGGGACGGAAGCGTGTGGAGAGACCGCCAAGGGCTGT
AGTCTGGGTCCGCGAGCAAGGTTGCCCTGAACTGGGGGTTGGGGGGAGCGCACA
AAATGGCGGCTGTTCCCGAGTCTTGAATGGAAGACGCTTGTAAGGCGGGCTGTG
AGGTCGTTGAAACAAGGTGGGGGGCATGGTGGGCGGCAAGAACCCAAGGTCTTG
AGGCCTTCGCTAATGCGGGAAAGCTCTTATTCGGGTGAGATGGGCTGGGGCACC
ATCTGGGGACCCTGACGTGAAGTTTGTCACTGACTGGAGAACTCGGGTTTGTCGT
CTGGTTGCGGGGGCGGCAGTTATGCGGTGCCGTTGGGCAGTGCACCCGTACCTTT
GGGAGCGCGCGCCTCGTCGTGTCGTGACGTCACCCGTTCTGTTGGCTTATAATGC
AGGGTGGGGCCACCTGCCGGTAGGTGTGCGGTAGGCTTTTCTCCGTCGCAGGACG
CAGGGTTCGGGCCTAGGGTAGGCTCTCCTGAATCGACAGGCGCCGGACCTCTGGT
GAGGGGAGGGATAAGTGAGGCGTCAGTTTCTTTGGTCGGTTTTATGTACCTATCT
TCTTAAGTAGCTGAAGCTCCGGTTTTGAACTATGCGCTCGGGGTTGGCGAGTGTG
TTTTGTGAAGTTTTTTAGGCACCTTTTGAAATGTAATCATTTGGGTCAATATGTAA
TTTTCAGTGTTAGACTAGTAAAGCTTCTGCAGGTCGACTCTAGAAAATTGTCCGC
TAAATTCTGGCCGTTTTTGGCTTTTTTGTTAGACAGTTAATTAAGCCACCATGAGC
GAGCTGATCAAGGAGAACATGCACATGAAGCTGTACATGGAGGGCACCGTGAAC
AACCACCACTTCAAGTGCACATCCGAGGGCGAAGGCAAGCCCTACGAGGGCACC
CAGACCATGAAGATCAAGGTGGTCGAGGGCGGCCCTCTCCCCTTCGCCTTCGACA
TCCTGGCTACCAGCTTCATGTACGGCAGCAAAGCCTTCATCAACCACACCCAGGG
CATCCCCGACTTCTTTAAGCAGTCCTTCCCTGAGGGCTTCACATGGGAGAGAATC
ACCACATACGAAGACGGGGGCGTGCTGACCGCTACCCAGGACACCAGCTTCCAG
AACGGCTGCATCATCTACAACGTCAAGATCAACGGGGTGAACTTCCCATCCAAC
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GGCCCTGTGATGCAGAAGAAAACACGCGGCTGGGAGGCCAACACCGAGATGCTG
TACCCCGCTGACGGCGGCCTGAGAGGCCACAGCCAGATGGCCCTGAAGCTCGTG
GGCGGGGGCTACCTGCACTGCTCCTTCAAGACCACATACAGATCCAAGAAACCC
GCTAAGAACCTCAAGATGCCCGGCTTCCACTTCGTGGACCACAGACTGGAAAGA
ATCAAGGAGGCCGACAAAGAGACCTACGTCGAGCAGCACGAGATGGCTGTGGCC
AAGTACTGCGACCTCCCTAGCAAACTGGGGCACAGATAATAACCTGCAGGCGGG
CCAGATATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTAC
GGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTA
AATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGTCAATAATG
ACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGG
AGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAG
TACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAG
TACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGC
TATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTT
GACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTT
GGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGA
CGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGCGGTAACC
CCCGGGTACCGGTCGCCACCATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGG
TGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCG
TGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCA
TCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGAC
CTACGGCGTGCAGTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTC
TTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGG
ACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGG
TGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGG
GGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACA
AGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACG
GCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCC
CCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAG
ACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCG
GGATCACTCTCGGCATGGACGAGCTGTACAAGTAAAGCGGCCGCGACTCTAGAG
ATCTCTACAGGAGGATCTCATGCATCGGATCCGCGAAAAGTCCGGAATTCATACT
GTGAAGTACACTGCATATAAGGAGTGTGGTATAGTATAAAGAAACTTTCTGCAG
GTAGTAATTATAGTGAAGATTTTAGGTTTACAAAGCCCTAGCTGTTTTCTGTGTA
GCTTTTATTATTCTTATGACTCTTGACAAGTTTGTAGCTTCACCATATACATTTAA
TATTTTGCAATAATTGGCCTTGTTCCTGAGCTGTTGGATTCGGGGCCGTAGCACTG
TCTGAGAGGTTTACATTTCTCACAGTGAACCGGTCTCTTTTTCAGCTGCTTCCTGG
CTTCTTTTTACTCAGGTTTCCACTGCTTTTTTGCTTTTTTTAATGCTGTATGAAGGT
GTTAACATTTGTTTATATTTTTCATTAATTGTAATACCTTTAAATCATGCATCATA
CTCAGAAATAGGGATTAGAATTTAAGTGACATCTTTGGCCCAATTCCTAGCCCCG
CAGACACTAGCGCCACCCCCGCCGCCCGCGGTGCTGACGTCAGCCTGCAAGCCC
CGCCCCCGCGTCTCCAGGGCAACCGTGGCTTTCGATTGTTACTGTGGGAACCGGA
GGTAACAGTCTACAGCCATGGTCGCCCCGCAGCACGCCCACGCTCCCCACCACTC
CCGAGTTCTGCCAGCCTGGGTTTGGGCAGATACAGAGCAAGAGGAGGCGGGGCA
ATTG

Name Type Minimum  Maximum Length
precursor miR132 ncRNA 11,755 11,979 225
precursor-miR 128 ncRNA 11,314 11,748 435

EGFP CDS gene 10,525 11,244 720
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CMVp CDS CDS 9,918 10,494 577
turbo RFP gene 9,191 9,886 696
hUbCp CDS CDS 7,946 9,174 1,229
cPPT CDS CDS 7,772 7,787 16
RRE CDS CDS 7,008 7,241 234
Psi CDS CDS 6,454 6,498 45
5'LTR CDS; del3'LTR

CDS CDS 6,163 6,343 181
CMVp CDS CDS 5,567 6,143 577
AMP CDS CDS 4,238 5,238 1,001
SV40-pA CDS CDS 3,007 3,126 120
Bleo CDS CDS 2,500 2,871 372
EM7p CDS CDS 2,432 2,499 68
SV40p CDS CDS 2,070 2,338 269
F1 origin misc_feature 1,632 1,938 307
bGH-Ter CDS CDS 1,342 1,569 228
5'LTR CDS; del3'LTR

CDS CDS 1,133 1,313 181
U3PPT CDS CDS 796 817 22
WPRE CDS CDS 22 609 588
FuGW backbone misc

signal misc_signal 1 7,926 7,926

SEQ ID NO:2 - Forward primer:

AATGATACGGCGACCACCGAGATCTACACCGCTGGCAAGTGTAGC (SEQ ID NO:2)

SEQ ID NO:3 - Barcoded reverse primer:
CAAGCAGAAGACGGCATACGAGATNNNNNNGGGAGGGCCCGTTG (SEQ ID NO:3)

SEQ ID NO:4 - Illumina sequencing primer:
CCACGAGGATTCGAAAAGGTGAACCGACCCGGTCGATGCACTAGT (SEQ ID
NO:4)

SEQ ID NO:S5 - lllumina indexing primer:
CCTAGGAGCAAGTACGAACAACGGGCCCTCCC (SEQ ID NO:5)

SEQ ID NO:6 — precursor miR-124
AGGTGGGAGTACTGCTCAGAGCTACAACTCTAGGAGTAGGGACTCCAAGCCTAG
AGCTCCAAGAGAGGGTGAAGGGCAGGGAGAAAATTATAGTAATAGTTGCAATGA
GTCACTTGCTTCTAGATCAAGATCAGAGACTCTGCTCTCCGTGTTCACAGCGGAC
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CTTGATTTAATGTCATACAATTAAGGCACGCGGTGAATGCCAAGAGCGGAGCCT
ACAGCTGCACTTGAAGGACATCCGAGAGAAGTTAGGAAGGGTGGGGAGAAACA
ATTCTAGAATGAACCCATCCTGTGCGACAC

SEQ ID NO:7 — precursor miR-128
ATACTGTGAAGTACACTGCATATAAGGAGTGTGGTATAGTATAAAGAAACTTTCT
GCAGGTAGTAATTATAGTGAAGATTTTAGGTTTACAAAGCCCTAGCTGTTTTCTG
TGTAGCTTTTATTATTCTTATGACTCTTGACAAGTTTGTAGCTTCACCATATACAT
TTAATATTTTGCAATAATTGGCCTTGTTCCTGAGCTGTTGGATTCGGGGCCGTAGC
ACTGTCTGAGAGGTTTACATTTCTCACAGTGAACCGGTCTCTTTTTCAGCTGCTTC
CTGGCTTCTTTTTACTCAGGTTTCCACTGCTTTTTTGCTTTTTTTAATGCTGTATGA
AGGTGTTAACATTTGTTTATATTTTTCATTAATTGTAATACCTTTAAATCATGCAT
CATACTCAGAAATAGGGATTAGAATTTAAGTGACATCTTTGGCC

SEQ ID NO:8 — precursor miR-132
CTAGCCCCGCAGACACTAGCGCCACCCCCGCCGCCCGCGGTGCTGACGTCAGCCT
GCAAGCCCCGCCCCCGCGTCTCCAGGGCAACCGTGGCTTTCGATTGTTACTGTGG
GAACCGGAGGTAACAGTCTACAGCCATGGTCGCCCCGCAGCACGCCCACGCTCC
CCACCACTCCCGAGTTCTGCCAGCCTGGGTTTGGGCAGATACAGAGCAAGAGGA
GGCGGGG

SEQ ID NO:9 — miR-124 sensor
GGCACAGATAATAACCTGCAAAAAGGCATTCACCGCGTGCCTTAGGCATTCACCG
CGTGCCTTAGGCATTCACCGCGTGCCTTAGGCATTCACCGCGTGCCTTAAATGCAG
GCGGGCCAGATATAC

SEQ ID NO:10 — miR-128 sensor
GGCACAGATAATAACCTGCAAAAAGAGACCGGTTCACTGTGAAAAGAGACCGGT
TCACTGTGAAAAGAGACCGGTTCACTGTGAAAAGAGACCGGTTCACTGTGAAAT
GCAGGCGGGCCAGATATAC
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SEQ ID NO:11 — miR-132 sensor
GGCACAGATAATAACCTGCAAAAACGACCATGGCTGTAGACTGTTACGACCATGG
CTGTAGACTGTTACGACCATGGCTGTAGACTGTTACGACCATGGCTGTAGACTGTT
AAATGCAGGCGGGCCAGATATAC
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Having thus described several aspects of at least one embodiment of this invention, it
is to be appreciated various alterations, modifications, and improvements will readily occur to
those skilled in the art. Such alterations, modifications, and improvements are intended to be
part of this disclosure, and are intended to be within the spirit and scope of the invention.

Accordingly, the foregoing description and drawings are by way of example only.

EQUIVALENTS

While several inventive embodiments have been described and illustrated herein,
those of ordinary skill in the art will readily envision a variety of other means and/or
structures for performing the function and/or obtaining the results and/or one or more of the
advantages described herein, and each of such variations and/or modifications is deemed to
be within the scope of the inventive embodiments described herein. More generally, those
skilled in the art will readily appreciate that all parameters, dimensions, materials, and
configurations described herein are meant to be exemplary and that the actual parameters,
dimensions, materials, and/or configurations will depend upon the specific application or
applications for which the inventive teachings is/are used. Those skilled in the art will
recognize, or be able to ascertain using no more than routine experimentation, many

equivalents to the specific inventive embodiments described herein. It is, therefore, to be
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understood that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive embodiments may
be practiced otherwise than as specifically described and claimed. Inventive embodiments of
the present disclosure are directed to each individual feature, system, article, material, kit,
and/or method described herein. In addition, any combination of two or more such features,
systems, articles, materials, kits, and/or methods, if such features, systems, articles, materials,
kits, and/or methods are not mutually inconsistent, is included within the inventive scope of
the present disclosure.

All definitions, as defined and used herein, should be understood to control over
dictionary definitions, definitions in documents incorporated by reference, and/or ordinary
meanings of the defined terms.

The indefinite articles “a” and “an,” as used herein in the specification and in the
claims, unless clearly indicated to the contrary, should be understood to mean “at least one.”

The phrase “and/or,” as used herein in the specification and in the claims, should be
understood to mean “either or both” of the elements so conjoined, i.e., elements that are
conjunctively present in some cases and disjunctively present in other cases. Multiple
elements listed with “and/or” should be construed in the same fashion, i.e., “one or more” of
the elements so conjoined. Other elements may optionally be present other than the elements
specifically identified by the “and/or” clause, whether related or unrelated to those elements
specifically identified. Thus, as a non-limiting example, a reference to “A and/or B”, when
used in conjunction with open-ended language such as “comprising” can refer, in one
embodiment, to A only (optionally including elements other than B); in another embodiment,
to B only (optionally including elements other than A); in yet another embodiment, to both A
and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be understood to
have the same meaning as “and/or,” as defined above. For example, when separating items in
a list, “or” or “and/or” shall be interpreted as being inclusive, i.e., the inclusion of at least
one, but also including more than one, of a number or list of elements, and, optionally,
additional unlisted items. Only terms clearly indicated to the contrary, such as “only one of”
or “exactly one of,” or, when used in the claims, “consisting of,” will refer to the inclusion of
exactly one element of a number or list of elements. In general, the term “or” as used herein
shall only be interpreted as indicating exclusive alternatives (i.e., “one or the other but not

29 ¢

both”) when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or
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“exactly one of.” “Consisting essentially of,” when used in the claims, shall have its ordinary
meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,” in
reference to a list of one or more elements, should be understood to mean at least one element
selected from any one or more of the elements in the list of elements, but not necessarily
including at least one of each and every element specifically listed within the list of elements
and not excluding any combinations of elements in the list of elements. This definition also
allows that elements may optionally be present other than the elements specifically identified
within the list of elements to which the phrase “at least one” refers, whether related or
unrelated to those elements specifically identified. Thus, as a non-limiting example, “at least
one of A and B” (or, equivalently, “at least one of A or B,” or, equivalently “at least one of A
and/or B”) can refer, in one embodiment, to at least one, optionally including more than one,
A, with no B present (and optionally including elements other than B); in another
embodiment, to at least one, optionally including more than one, B, with no A present (and
optionally including elements other than A); in yet another embodiment, to at least one,
optionally including more than one, A, and at least one, optionally including more than one,
B (and optionally including other elements); etc.

It should also be understood that, unless clearly indicated to the contrary, in any
methods claimed herein that include more than one step or act, the order of the steps or acts
of the method is not necessarily limited to the order in which the steps or acts of the method
are recited.

All references, patents and patent applications disclosed herein are incorporated by
reference with respect to the subject matter for which each is cited, which in some cases may
encompass the entirety of the document.

In the claims, as well as in the specification above, all transitional phrases such as

29 Cc;

“comprising,” “including,

29 << 29 ¢ 29 C¢l

carrying,” “having,” “containing,” “involving,” “holding,”
“composed of,” and the like are to be understood to be open-ended, i.e., to mean including
but not limited to. Only the transitional phrases “consisting of”” and “consisting essentially
of” shall be closed or semi-closed transitional phrases, respectively, as set forth in the United

States Patent Office Manual of Patent Examining Procedures, Section 2111.03.

What is claimed is:
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CLAIMS

1. A genetic construct comprising:

a DNA element;

a first compatible end element and a second compatible end element flanking the
DNA element, wherein the first and second compatible end elements are capable of annealing
to each other;

a barcode element;

a third compatible end element and a fourth compatible end element flanking the
barcode element, wherein the third and fourth compatible end elements are capable of
annealing to each other but are not capable of annealing to the first or second compatible end
elements; and

a separation site located between the fourth compatible end element and the first
compatible end element, wherein the DNA element, first compatible end element and second
compatible end element are on one side of the separation site, and the barcode element, third
compatible end element and fourth compatible end element are on the other side of the

separation site.

2. A genetic construct comprising:

a plurality of DNA elements;

a first compatible end element and a second compatible end element flanking the
plurality of DNA elements, wherein the first and second compatible end elements are capable
of annealing to each other;

a plurality of barcode elements;

a third compatible end element and a fourth compatible end element flanking the
plurality of barcode elements, wherein the third and fourth compatible end elements are
capable of annealing to each other but are not capable of annealing to the first or second
compatible end elements; and

a separation site located between the plurality of DNA elements and the plurality of

barcode elements.

3. A method for generating a combinatorial genetic construct, comprising:

providing a vector containing a first genetic construct according to claim 1 or claim 2;
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cleaving the vector at the separation site within the first genetic construct, resulting in
the first genetic construct being separated into first and second segments;

providing a second genetic construct according to claim 1 or claim 2; and

annealing the second genetic construct to the cleaved vector, wherein the annealing
occurs at compatible end elements within the first and second genetic constructs that are
capable of annealing to each other, and wherein after annealing, the second genetic construct
is integrated between the first and second segments of the first genetic construct, creating a

combinatorial genetic construct.

4, The method of claim 3, wherein the method is iterative.
5. A method for identification of a DNA element or a plurality of DNA elements,
comprising:

providing a genetic construct according to claim 1 or claim 2;

conducting an assay to determine the DNA sequence of the barcode or plurality of
barcodes within the genetic construct and/or the DNA sequence of the DNA element or
plurality of DNA elements within the genetic construct; and

identifying the DNA element or plurality of DNA elements.

6. A library comprising:

two or more genetic constructs according to claim 1 or claim 2.

7. A method for generating a combinatorial genetic construct, comprising:
providing a vector comprising:
a first DNA element,
a first barcode element, and
two site-specific recombination elements located between the first DNA
element and the first barcode element;
providing a first insert comprising:
a second DNA element,
a second barcode element, and
site-specific recombination elements flanking each of the second DNA
element and the second barcode element, such that two site-specific recombination elements

are located between the second DNA element and the second barcode element that are not

67



10

15

20

25

30

WO 2014/005042 PCT/US2013/048619

compatible with the site-specific recombination elements within the vector, and two site-
specific recombination elements are located outside of the second DNA element and the
second barcode element that are compatible with the site-specific recombination elements
within the vector;
conducting site specific recombination between the vector and the first insert, wherein
the site specific recombination occurs between the site-specific recombination elements
within the vector located between the first DNA element and the first barcode element and
the compatible site-specific recombination elements within the first insert located outside of
the second DNA element and the second barcode element, and wherein following site-
specific recombination, the first insert is located within the vector, and the vector contains
multiple DNA elements and multiple barcode elements, with two site-specific recombination
elements located between the multiple DNA elements and the multiple barcode elements;
providing a second insert comprising:
a third DNA element,
a third barcode element, and
site-specific recombination elements flanking each of the third DNA element
and the third barcode element, such that two site-specific recombination elements are located
between the third DNA element and the third barcode element that are not compatible with
the two site-specific recombination elements located between the multiple DNA elements and
the multiple barcode elements of the vector, and two site-specific recombination elements are
located outside of the third DNA element and the third barcode element that are compatible
with the two site-specific recombination elements located between the multiple DNA
elements and the multiple barcode elements of the vector;
conducting site specific recombination between the vector and the second insert,
wherein the site specific recombination occurs between the site-specific recombination
elements within the vector located between the multiple DNA elements and the multiple
barcode elements and the compatible site-specific recombination elements within the second
insert located outside of the third DNA element and the third barcode element, and wherein
following site-specific recombination, the second insert is located within the vector, and the
vector contains multiple DNA elements and multiple barcode elements, with two site-specific
recombination elements located between the multiple DNA elements and the multiple
barcode elements; and
repeating the site-specific recombination an n™ number of times, alternating between

site-specific recombination between the vector and the first insert and site-specific
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recombination between the vector and the second insert, thereby creating a combinatorial

genetic construct.

8. A combinatorial genetic construct produced by the method of claim 7.
0. A method for identification of a DNA element or a plurality of DNA elements,
comprising:

providing a combinatorial genetic construct according to claim §;

conducting an assay to determine the DNA sequence of one or more barcode elements
within the combinatorial genetic construct and/or the DNA sequence of one or more DNA
elements within the combinatorial genetic construct; and

identifying the DNA element or plurality of DNA elements.

10. A method for generating a combinatorial genetic construct, comprising:
providing a vector comprising:
a first DNA element,
a first barcode element, and
a recognition site for a first restriction enzyme located between the first DNA
element and the first barcode element;
providing an insert comprising:
a second DNA element,
a second barcode element,
a recognition site for the first restriction enzyme located between the second
DNA element and the second barcode element, and
two recognition sites for one or more restriction enzymes that are distinct from
the first restriction enzyme located outside of the second DNA element and second barcode
element, such that restriction digestion at the recognition site within the vector and at the two
recognition sites located outside of the second DNA element and second barcode element
within the insert generates compatible ends;
digesting the vector and insert with restriction enzymes;
annealing the insert to the vector, thereby producing a combinatorial genetic
construct containing multiple DNA elements and multiple barcode elements; and

optionally repeating the method an n™ number of times.
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1. A combinatorial genetic construct produced by the method of claim 10.

12. A method for identification of a DNA element or a plurality of DNA elements,
comprising:

providing a combinatorial genetic construct according to claim 11;

conducting an assay to determine the DNA sequence of one or more barcode elements
within the combinatorial genetic construct and/or the DNA sequence of one or more DNA
elements within the combinatorial genetic construct; and

identifying the DNA element or plurality of DNA elements.
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