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METHODS FOR DETERMINING SPATIAL AND TEMPORAL GENE EXPRESSION
DYNAMICSDURING ADULT NEUROGENESISIN SINGLE CELLS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application No. 62/585,529,
filed November 13, 2017; U.S. Provisiona Application No. 62/723,425, filed August 27, 2018;
and U.S. Provisional Application No. 62/734,988, filed September 21, 2018. The entire contents
of the above-identified applications are hereby fully incorporated herein by reference.

REFERENCE TO AN ELECTRONIC SEQUENCE LISTING

[0002] The contents of the electronic sequence listing (BROD-3770WP.ST25.ixt"; Sizeis9
Kilobytes and it was created on October 26, 2018) is herein incorporated by reference in its
entirety.

FIELD OF THE INVENTION

[0003] The present invention generally relates to methods of determining cell type, subtype,
cell state, spatial location and developmental stages of single cells obtained from a sample,
preferably a tissue sample. The present invention aso relates to a combination of molecular
barcoding and emulsion-based microfluidics to isolate, lyse, barcode, and prepare nucleic acids

from individual nuclei in ahigh-throughput manner.

BACKGROUND OF THE INVENTION

[0004] Single cell RNA-Seq has greatly extended our understanding of heterogeneous
tissues, including the CNS (1-6), and is reshaping the concept of cell type and state. However,
some key dynamic processes that occur in dense nervous tissues, such as adult neurogenesis, still
remain challenging to study. Transcriptomes of individual neurons provide rich information
about cell types and dynamic states. However, it is difficult to capture rare dynamic processes,
because isolation from dense adult tissue is challenging. First, single cell RNA-Seq requires
enzymatic tissue dissociation, which damages the integrity of neurons, compromises RNA

integrity, and skews data towards easily dissociated cell types. This challenge is exacerbated as
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animals age, restricting this approach to fetal or young animals (1). Second, rare cells, such as
adult newborn neurons found in the adult mouse hippocampus (7), are difficult to capture
because they require enrichment using specific tagging and sorting for each phase of the dynamic
neurogenesis process and markers for each phase are limited. Thus, there isaneed for improved
devices and methods to allow for understanding heterogeneous tissues and cell populations.
Citation or identification of any document in the application is not an admission that such

document isavailable as prior art to the present invention.

SUMMARY OF THE INVENTION

[0005] In one aspect, the invention provides a method of producing a temporally phased
single-cell sequencing library comprising cells along a continuous tragectory of adult
neurogenesis comprising (@) treating more than one population of neurogenic cells of a single
cell type or subtype, or optionally a heterogeneous cell type, with a nucleoside analogue, wherein
the nucleoside analogue isincorporated into replicating DNA and is configured for labeling with
a detectable marker; (b) isolating a first population of neurogenic cells a one time point and
isolating a least one other population of neurogenic cells a a later time point, optionally,
isolating single nuclei from the isolated populations of neurogenic cells, (c) staining the
nucleoside analogue incorporated into replicated DNA with the detectable marker within each
population of neurogenic cells or single nuclei isolated from each population of neurogenic cells,
wherein the DNA is stained with the detectable marker; (d) sorting the stained and/or unstained
neurogenic cells or optionally, sorting the stained and/or unstained single nuclei into separate
reaction vessels, and (e€) sequencing the RNA from the sorted single neurogenic cells or
optionally, sorted single nuclei, whereby single cell gene expression data is obtained for
neurogenic cells a different stages of neurogenesis.

[0006] In another aspect, the invention provides a method of determining an expression
profile for a neurogenic cell along a continuous trajectory of adult neurogenesis comprising (@)
treating more than one population of neurogenic cells of a single cell type or subtype, or
optionally a heterogeneous cell type, with a nucleoside analogue, wherein the nucleoside
analogue is incorporated into replicating DNA and is configured for labeling with a detectable
marker; (b) isolating afirst population of neurogenic cells a one time point and isolating at least

one other population of neurogenic cells a alater time point, optionally, isolating single nuclei
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from the isolated populations of cells, (c) staining the nucleoside analogue incorporated into
replicated DNA with the detectable marker within each population of neurogenic cells or single
nuclel isolated from each population of neurogenic cells, wherein the DNA is stained with the
detectable marker; (d) sorting the stained and/or unstained neurogenic cells or optionally, sorting
the stained and/or unstained single nuclel into separate reaction vessels; (e) sequencing the RNA
from the sorted single neurogenic cells or optionally, sorted single nuclei, whereby single cell
gene expression data is obtained for neurogenic lineage cells a different stages of maturation;
and (f) determining an expression profile for each identified cell or cell sub-type based on the
gene expression data.

[0007] In one embodiment, neurogenesis occurs in the adult brain, for example in aregion of
the hippocampus, for example the hippocampus dentate gyrus (DG).

[0008] In another embodiment, neurogenesis occurs in the adult spinal cord.

[0009] In another embodiment, the neurogenic cell is selected from the group consisting of: a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron.

[0010] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, aneuronal precursor cell, aneuroblast, an immature neuron and a newborn neuron.

[0011] In another embodiment, the expression profile identifies the cell as an adult newborn
neuron or immature neuron of the spinal cord and comprises: Gadl, Gad2, Pbx3 and Meis2.
[0012] In another embodiment, the expression profile identifies the cell as an adult newborn
neuron or immature neuron of the spina cord and comprises: Gadl, Gad2, Pbx3, Meis2 and
RunxItl.

[0013] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Fabp7, Sox9, Ascl, Insml, Sox6, Notchl, Eomes, Tgfb2, Chd7, Sox5,
Sox4, Neurodl, Neurod2, Sema3c, Igfbpll, Soxl |, Slc6al, Dcx, Grin2b, Gadl and Bhlhe22.
[0014] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox8, SoxlO, Dip2a, Ncoa3, Rorb, 1d3, Sox9, Sox5, Sox6, Sox4,
Eomes, Mndal, Bhlhe22, Ifi203, SoxI 1, FIna and Zebl.
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[0015] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Notchl, Sox9/2, Fezf2, Pax3, 1d3/4, Sox6, Chd7, Cdk2, Insml, Eomes,
Sox4, Neurodl, Neurod2, Bhlhe22, Chd5 and Hdac?.

[0016] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox2, Sox9, Sox5, Sox8, Sox6, Sox4, Cdk2, Cdk2apl, Cdk9, Cdkl2,

Kifl I, Kif21b, Kifl7, Chd7, Kdm5c, Kdm7a, Hdac8, Kdm2b, Chd5, Hdac5, Hdac7, Chdl and
Kdm3b.

[0017] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox9, Rrm2, Gpr56, Draxin, Mfap4, Eomes, Sox4 and Neurodl.

[0018] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Gfap, Mtl, Aldoc, Clu, Agp4, Mt2, Cst3, Slcla2, Poxipl, Fgfr3,
Slczal, Slprl, 1d3, Fxydl, Notchl, Sox9, Glul, Slcla3, Sox2, 01ig2, Aldhl ||, Prelp, Vim, Pax®6,
Rein, Gprl7, Tcf712, Nfib, Dbx2, Sox8, Sox5, Sox4, Emx|, Soxl, Sox6, Proxl, DIxl, Foxdl,

Neurodl, Soxl I, Slitl, Gad2, Grin2b and Dcx.

[0019] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox9, Notchl, Eomes and Neurodl!.

[0020] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox 11 and Gadl.

[0021] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Eomes, Sox4, Sox| 1and Dcx.

[0022] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron or a

newborn neuron and comprises a least one of: Rrm2, Gpr56, Draxin and Mfap4.
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[0023] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Mbp, Meg3, Gad2 and Dcx.

[0024] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of the genes presented in Tables 18 and 19.

[0025] The invention aso provides an adult newborn neuron or immature neuron derived
from the spinal cord characterized by expression of Gadl and Gad2.

[0026] The invention aso provides an adult newborn neuron or immature neuron derived
from the spinal cord characterized by expression of Gadl, Gad2, Pbx3 and Meis2.

[0027] The invention aso provides an adult newborn neuron or immature neuron derived
from the spinal cord characterized by expression of Gadl, Gad2, Pbx3, Meis2 and Runxltl.

[0028] The invention also provides an expression profile for identifying a neuronal stem cell,
a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron derived from
the brain, comprising: Sox8, Rrm2, Gpr56, Draxin, Mfap4, Eomes, Sox4 and Neurodl.

[0029] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 22.

[0030] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 23.

[0031] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 24.

[0032] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 25.

[0033] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and anewborn

neuron comprising one or more of the genes presented in Table 27.
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[0034] The invention also provides amethod of stimulating neurogenesis of a neurona stem
cell derived from the spina cord stem by administering an agent that modulates one or more of:
Gadl, Gad2, Pbx3 and Meis2 or the gene product of one or more of Gadl, Gad2, Pbx3 and
Meis2.

[0035] The invention also provides amethod of stimulating neurogenesis of a neurona stem
cell derived from the spina cord stem by administering an agent that modulates one or more of:
Gadl, Gad2, Pbx3, Meis2 and Runxltl or the gene product of one or more of: Gadl, Gad2,
Pbx3, Mels2 and RunxItl.

[0036] The invention also provides amethod of stimulating neurogenesis of aneuronal stem
cell derived from the spinal cord stem by administering an agent that modulates one or more of
the genes presented in any one of Table 18 through Table 27; or the gene product of one or more
of the genes presented in any one of Table 18 through Table 27.

[0037] The invention also provides amethod of stimulating neurogenesis of aneurona stem
cell derived from the brain by administering an agent that modulates one or more of the genes
presented in any one of Table 18 through Table 27 or the gene product of one or more of the
genes presented in any one of Table 18 through Table 27.

[0038] The invention also provides amethod of stimulating neurogenesis of aneurona stem
cell derived from the brain by administering an agent that modulates one or more of: Sox9,
Rrm2, Gpr56, Draxin, Mfap4, Eomes, Sox4 and Neurodl or the gene product of one or more of
Sox9, Rrm2, Gpr56, Draxin, Mfap4, Eomes, Sox4 and Neurodl!.

[0039] The invention aso provides a method of modulating proliferation and/or
differentiation of neuronal stem cellsin the spinal cord comprising contacting the stem cells with
an agent that modulates one or more of: Gadl, Gad2, Pbx3 and Meis2 or the gene product of one
or more of Gadl, Gad2, Pbx3 and Meis2.

[0040] The invention aso provides a method of modulating proliferation and/or
differentiation of neuronal stem cellsin the spinal cord comprising contacting the stem cells with
an agent that modulates one or more of: Gadl, Gad2, Pbx3, Meis2 and RunxlItl or the gene
product of one or more of: Gadl, Gad2, Pbx3, Meis2 and Runxltl.

[0041] The invention aso provides a method of modulating proliferation and/or
differentiation of neuronal stem cellsin the spinal cord comprising contacting the stem cells with

an agent that modulates one or more of: the genes presented in any one of Table 18 through
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Table 27 or the gene product of one or more of the genes presented in any one of Table 18
through Table 27.

[0042] The invention aso provides a method of modulating proliferation and/or
differentiation of neuronal stem cells in the brain comprising contacting the stem cells with an
agent that modulates one or more of: the genes presented in any one of Table 18 through Table
27 or the gene product of one or more of the genes presented in any one of Table 18 through
Table 27.

[0043] The invention aso provides a method of modulating proliferation and/or
differentiation of neuronal stem cells in the brain comprising contacting the stem cells with an
agent that modulates one or more of: Sox9, Rrm2, Gpr56, Draxin, Mfap4, Eomes, Sox4 and
Neurodl or the gene product of one or more of: Sox9, Rrm2, Gpr56, Draxin, Mfap4, Eomes,
Sox4 and Neurodl.

[0044] The invention also provides a method of treating a subject with a spinal cord injury,
comprising administering to a subject in need thereof the gene product of one or more of Gadl,

Gad2, Pbx3 and Meis2; or an agent that modulates one or more of Gadl, Gad2, Pbx3 and Meis2.

[0045] The invention also provides a method of treating a subject with a spinal cord injury,
comprising administering to a subject in need thereof the gene product of one or more of Gadl,

Gad2, Pbx3, Meis2 and Runxltl; or an agent that modulates one or more of Gadl, Gad2, Pbx3,
Meis2 and Runxltl.

[0046] The invention also provides a method of treating a subject with a spinal cord injury,
comprising administering to a subject in need thereof the gene product of one or more of the
genes presented in any one of Table 18 through Table 27; or an agent that modulates one or more
of the genes presented in any one of Table 18 through Table 27.

[0047] The invention also provides a method of treating a spinal cord injury in a subject in
need thereof, comprising administering to the subject an adult newborn neuron.

[0048] The invention also provides a method for identifying a newborn neuron of the spinal
cord comprising detecting the expression pattern of: Gadl and Gad2.

[0049] The invention also provides a method for identifying a newborn neuron of the spinal
cord comprising detecting the expression pattern of: Gadl, Gad2, Pbx3 and Meis2.

[0050] The invention also provides a method for identifying a newborn neuron of the spinal

cord comprising detecting the expression pattern of: Gadl, Gad2, Pbx3, Meis2 and Runxltl.
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[0051] In another aspect, the invention provides for a method of single cell sequencing
comprising: extracting nuclel from a population of cells under conditions that preserve: (1) a
portion of the outer nuclear envelope with attached ribosomes, or (2) a portion of the outer
nuclear membrane and a portion of the rough endoplasmic reticulum (RER) with ribosomes, or
(3) a portion of the outer nuclear membrane, a portion of the rough endoplasmic reticulum
(RER), and a portion of mitochondria; sorting single nuclei into separate reaction vessels,
extracting RNA from the single nuclei; generating a cDNA library; and sequencing the library,
whereby gene expression data from single cells is obtained. In some embodiments, the reaction
vessels may be single cell droplets.

[0052] In one embodiment, nuclei are extracted under conditions that preserve a portion of
the outer nuclear envelope and rough endoplasmic reticulum (RER), wherein the population of
cells ishomogenized in alysis buffer comprising: a detergent selected from the group consisting
of NP40, CHAPS and Tween-20; and an ionic strength between 100mM and 200mM.

[0053] In another embodiment the NP40 concentration isabout 0.2%.

[0054] In another embodiment the Tween-20 concentration is about 0.03%.

[0055] In another embodiment the CHAPS concentration is about 0.49%.

[0056] In another embodiment the population of cells istreated with areagent that stabilizes

nucleic acids.

[0057] In another embodiment, the separate reaction vessels are microwells in aplate.

[0058] In another embodiment the separate reaction vessels are microfluidic droplets.

[0059] In another embodiment the population of cells is obtained from atissue sample.

[0060] In another embodiment the tissue sample is frozen. In some embodiments, the tissue

sample isfrozen in aclear tube.

[0061] In another embodiment the tissue sample is obtained from the brain.

[0062] In another embodiment the tissue sample is obtained from the gastrointestinal tract, or
gut.

[0063] In another embodiment the tissue sample is obtained from a subject suffering from a
disease.

[0064] In another embodiment the disease is autism spectrum disorder.

[0065] These and other embodiments are disclosed or are obvious from and encompassed by,

the following Detailed Description.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0066] The patent or application file contains at least one drawing executed in color. Copies
of this patent or patent application publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

[0067] The following detailed description, given by way of example, but not intended to
limit the invention solely to the specific embodiments described, may best be understood in
conjunction with the accompanying drawings.

[0068] Figure 1A-1G. Single nuclei RNA-Seq (Nuc-Seq) identifies distinct cell types. (A)
Single isolated nuclei (right) are more uniform than enzymatically dissociated single neuronal
cell bodies (left) from adult mouse brain tissue. Shown are images of representative examples.
Scale = 10um . Overview of the Nuc-Seq method (right): Dissected tissue is fixed, nuclei are
isolated and sorted using FACS, and are then processed using the Smart-Seq2 RNA-Seq
protocol(34). (B) Nuc-Seq faithfully captures tissue RNA. Comparing Nuc-Seq on populations
of nuclel and RNA-seq on tissue samples from the DG brain region. Shown are number of genes
detected (TPM>3) per expression quantile (top) and distribution of pairwise spearman
correlations across samples (bottom). (C) Nuc-Seq detects full-length, spliced transcripts in ten
individual nuclei (rows). RNA-Seq read coverage a the Ppia genomic locus. (D) Nuc-Seq
detects consistently higher number of genes (TPM/FPKM >3 or UMI>=1) compared to
published single neuron RNA-seq in adolescent (1) or adult (4) mice, but lower number than in
fetal neurons(6). (E) Major cell types identified from Nuc-Seq data reflected by 7 major cell
clusters. Shown is a 2-D non-linear embedding with 7 distinct clusters of 1,188 nuclei isolated
from adult hippocampus. (F) Heatmap shows the expression of marker genes specific for each of
the seven clusters across single nuclel (t-test FDR<0.05, log-ratio>l, across al pairwise
comparisons). Top color bar matches cluster color in E. (G) Identification of DG granule cell,
CAl, CA2, and CA3 pyramidal cell clusters. For each cluster, expression of marker genes is
shown as: 1, ISH image in a coronal section of the hippocampus from (13) (arrowhead indicates
high expression levels of marker gene); 2, histogram quantifying expression level across all
nuclei in the relevant cluster; and 3, 2-D embedding of nuclei (as in E) showing relative

expression level of the marker across all clusters. Scale = 400umn.



WO 2019/094984 PCT/US2018/060860

[0069] Figure 2A-2H. Nuc-Seq and biSNE distinguish cell subtypes and transcription
patterns. (A) Sub-clusters of GABAergic interneurons identified by biSNE. Shown isabiSNE 2-
D embedding of GABAergic nuclel with 8 sub-clusters. Top insert: the GABAergic cluster
within all other nuclei from Fig. IE. (B) Sub-clusters are characterized by a combination of
canonical marker genes. Heat map with averaged expression of canonical neuron markers (rows)
across GABAergic sub-clusters (columns). (C) Double fluorescent RNA in situ hybridization
(dFISH) of marker genes validating the expression pattern shown in (B). Co-expression of genes
indicated by arrowheads. Scale = 20pum. (D) Pyramidal CAl and CA3 biSNE sub-clusters.
Shown is abiSNE 2-D embedding of the CAl (top) and CA3 (bottom) pyramidal nuclei with 8
and 6 sub-clusters, respectively. Top insert: the CAl cluster (orange) within al other nuclei from
Fig. IE. (E) Spatially resolved pyramidal neuron populations in CAl and CA3. Top: Schematics
of hippocampus corona section with CAl (including subiculum), CA3 (including the hilus) and
DG. Bottom: Registration of CAl (right) and CA3 (left) pyramida sub-clusters to subregions,
using a map of landmark gene expression patterns from ISH data. Sub-cluster assignments are
numbered and color code as in (D). Scae = 200um. (F) Example of validation of spatial
assignments of CAl and CA3 pyramidal sub-clusters. Predictions (left illustrations; boxes
showing predicted differential expression regions) match with Allen ISH data (13) (right;
arrowhead: high expression; asterisk: low expression) in pairwise comparison of genes
differentially expressed between two sub-clusters. (G) Distribution of expression of Penk (facing
up) and Oprdl (facing down) across each neurona sub-cluster. Box plots show the median (red),
75% and 25% quantile (box), error bars(dashed lines), and outliers (red cross). (H) dFISH of
GABAergic cluster marker genes (Vip and Pvalb) with Penk or Oprdl, validating their mutual
exclusive expression across GABAergic sub-clusters. Co-expression of genes indicated by
arrowheads. Scale = 20umn.

[0070] Figure 3A-3F: Transcriptional dynamics of adult neurogenesis revealed by Div-Seq.
(A) Schematics of Div-Seq method. EdU isinjected to mice and incorporates into the DNA of
dividing cells (8). After isolation, EJU labeled nuclel are fluorescently tagged and captured by
FACS for single nuclel RNA-Seq. (B) Schematics of adult neurogenesis in the dentate gyrus(7).
Timing of EdU labeling (tan box) and nuclei isolation are marked. (C) Div-Seq captured cells
expressing known markers of neuronal precursors, neuroblasts and immature neurons. Box plots

for the 2 days (2d) and 14 days (14d) EdU labeled nuclel (excluding nuclel classified as non-
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neuronal). Boxplots shown asin Fig. 2G. (D) Newborn cells form a continuous trajectory. All
panels show 2-D embedding of 2d labeled nuclei, 14d labeled nuclei and nuclei from unbiased
survey. Nuclel are colored by source (top), by Eomes/Thr2 marker gene expression (middle), or
by Neurodl marker expression (bottom). Trajectory directionality is chosen by the position of
the 2d labeled neurons and known marker genes. (E) Dynamic gene expression clusters. Four
clusters are shown from top to bottom. Left: Running average expression level of the genes in
each cluster over the nuclei ordered aong the tragjectory (asin D). Middle: a heatmap of running
average expression of al genes along the tragjectory. Red lines mark the transcriptional switches
from neuronal precursor cell (NPC) to neurablast (NB), and from NB to immature neuron. Right:
proportions of genes assigned to five major biological pathways (F) Changes in the composition
of the Polycomb Complex (Prc2, top) and the BAF (SWI/SNF) complex (bottom). For each
complex, schematics of the complex is shown, and the heatmap of average expression of genes
in NPC(NP), NB, immature neurons and mature granule DG cells, and compared to human
NPCs (hNPC, absolute log (TPM)).

[0071] Figure 4A-4D: Adult newborn GABAergic neurons in the spinal cord revealed by
Div-Seg. (A) Div-Seq in the spinal cord (SC) captures oligodendrocyte precursor cells and
immature neurons. Shown isthe distribution of cell types in the SC in non-EdU-labeled (top) and
7 days EdU labeled nuclei (bottom), assigned by clustering and marker gene expression.
Oligodendrocyte precursor cells, OPC; Astrocytes, ASC; Oligodendrocytes, ODC. (B) Div-Seq
captured immature neurons expressing marker genes of immature neurons (Soxl 1), GABAergic
(Gadl, DIxl) or OPCs (SoxIO) marker genes. Box plots for immature neurons (IN), mature
neurons (MN) and OPCs, shown asin Fig. 2G. (C) Cedlls cluster primarily by maturation state
and secondarily by region. All panels show biSNE 2D embedding of immature and mature
neurons from both the SC and the DG. Nuclei are colored by tissue (top), by Gria3/Glur3 mature
marker expression levels (middle), or by Soxl 1 (bottom). (D) Region specific gene expression.
Heatmap shows the expression of genes specific to immature neurons in the SC (left) and DG
(right), across single nuclei (t-test FDRO.05, log-ratio>l, across al pairwise comparisons).
[0072] Figure 5A-5E: Nuc-Seq is compatible with genetic labeling for enrichment of rare
cells. (A) Genetic labeling of GABAergic interneurons using AAV expression vectors. Cre-
mediated recombination of inverted transgenic cassette flanked by oppositely oriented loxP and
lox2272 (Double-floxed Inverted Orientation, DIO) sites drives expression of GFP-KASH. Top:

11



WO 2019/094984 PCT/US2018/060860

before recombination. Bottom: after ere driven recombination. (B) Primary cortical neurons
infected with pAAV-EF 1a-DIO-GFP-KASH-bGHpoly A alone (top) or co-infected with pAAV-
EFla-Cre-WPRE -bGH-polyA (bottom). (C) Expression of GFP-KASH in hippocampus of
VGAT-Cre mice 14 d after viral delivery of pAAV-EF 1aDIO-GFPKASH- bGH-polyA into
CA1/CA2 stratum pyramidale (s.p.). (D) GFP-KASH labeled parvalbumin positive (arrow) and
negative (arrowhead) interneurons in hippocampus of VGAT-Cre mice shown in C. (ITR -
inverted terminal repeat; GFP - green fluorescent protein; KASH - Klarsicht, ANC1, Syne
Homology nuclear transmembrane domain; hGH pA - human growth hormone polyadenylation
signal; WPRE - Woodchuck Hepatitis virus posttranscriptional regulatory element, s.o. - stratum
oriens, sp. - stratum pyramidale, sr. - stratum radiatum, g.c.l. - granule cell layer). Scale bars:
50um (E) Nuc-Seq method overview. Dissected tissue isfixed in RNA-later for 24 hours a 4°C
(and can be subsequently stored in -80°C or further processed); nuclel are isolated using a
gradient centrifugation method [38] (samples kept a 4°C or on ice), resuspended, and sorted
using FACS to a single nucleus per well in plates. Plates are processed using the Smart-Seg2
RNA-Seq protocol [85, 41].

[0073] Figure 6A-6H: Quality measurements of Nuc-Seq libraries. (A) Nuc-Seq detects full-
length, spliced transcripts. Alignments of individual spliced reads from one single nucleus at the
Ppia genomic locus. Top track: exong/introns, thick and thin lines (as in Fig. 1C). Grey bar:
individual read, green line: gapped alignment. (B) Mapping rates of Nuc-Seq data. Left: Box
plots showing the mapping rates to the genome, transcriptome, and rRNA. In box plots, the
median (red), 75% and 25% quantile (box), error bars (dashed lines), and outliers (red dots).
Right: Box plots showing the ratio of the number of reads mapped to introns and exons in Nuc-
Seq libraries. (C) Nuc-Seq detects similar number of genes across animal ages, 4 weeks, 3
months and 2 years old (detected gene defined as log(TPM+)>l.1). (D) Average of dentate
gyrus (DG) and CA2/3 Nuc-Seq data correlates between replicates. Scatter plots showing
comparison between average of single nuclei across technical and biological replicates. Data is
shown in log(TPM+l). Spearman correlation between replicates (R), top. (E) Average of Nuc-
Seq data correlates with population samples. Scatter plots showing comparison between average
of single nuclel (Y axis) to populations of 100 nuclei (X axis). (F) 3' and 5' bias. Top: Mean read
coverage across highly expressed genes per distance from the 3' of the gene. Showing constant

coverage with a decrease around 2000bp from the 3' end. Bottom: Mean read coverage
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throughout the transcripts, averaged per percentage of the transcript length (3' to 5). (G)
Distribution of number of reads mapped to the transcriptome per Nuc-Seq library. (H) Nuc-Seq
libraries are enriched for long non-coding RNAs (lincRNAs). Heatmap showing differentially
expressed genes between Nuc-Seq on population of nuclel (columns, pink) and tissue RNA-Seq
(columns, blue). t-test FDR g-value < 0.05 with log-ratio > 1, mean log(TPM)>2 in & least one
condition, 21 samples per condition. Left: colorbar showing the classification of genes as
l[incRNAs (green) and pseudogene/predicted lincRNA (orange). Names of known nuclear
localized lincRNAs are marked (left).

[0074] Figure 7A-7D: Comparison of Nuc-Seq and single cell RNA-Seq. (A) Nuc-Seq
detects more genes than single cell RNA-Seq across wide expression range. Shown is the
distribution of number of genes detected (Y axis, log(TPM+l) > 1.1) per nucleus for Nuc-Seq
and per cell for Zeisel 2015 (only CA1 neurons) [50], Tasic 2016 [86], and Thomsen 2016 [87]
across expression quantiles (X axis). A different threshold (X axis, TPM > 1.1) was used in the
calculation of number of genes detected for Zeisel 2015, which used unique molecular identifier
(UMI) counts. ScAn: Single cell sequencing of adult neuron; ScFn: Single cell sequencing of
fetal neuron. Error bar: 75% and 25% quantile. (B) Nuc-Seq detects more genes than previously
reported single nuclel RNA-Seq (ref) across wide expression range. (C) Transcriptina profiles
between different cell types are more distinct in Nuc-Seqg than in single cell RNA-Seq [50]. Plots
showing Spearman correlation coefficients (Y axis) between two subsets of averaged pyramidal
neurons (Pyr) or between subsets of averaged pyramidal neurons and averaged GABAergic
interneurons (Int). A subset of neurons are first randomly sampled from Nuc-Seq and single-cell
RNA-Seq. Then Spearman correlation is calculated between the averages of the subsets (see
Materials and Methods). (D) Nuc-Seq has significantly improved complexity compared to the
previously reported single nuclei RNA-Seq [88]. Shown are rarefaction curves of previously
reported two single nuclei RNA-Seq libraries and curves of Nuc-Seq libraries.

[0075] Figure 8A-8B: Computational methods. (A) Density MA plot normalization method.
MA plot showing the average log (X axis) versus the log-ratio (Y axis) of TPM expression of all
genes between two single nuclei. High density region marked by a color scale. Genes within the
colored density region are used to calculate the scaling factor between libraries for
normalization. (B) Illustration of false negative estimation method. An expectation maximization

algorithm alternates between estimation of gene expression distribution per gene (top) and the
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probability of detection (bottom) per cell. Top: histogram shows estimated distribution of
expression of an example gene, PDF: probability density function. Bottom: each blue curve
represent the probability of successfully detecting genes expressed at different levels in each cell.
[0076] Figure 9A-9D: Validation of cell type classification based on Nuc-Seq data. (A)
Identification of GABAergic, ependymal and glial clusters. For each cluster, marker gene
expression is shown in two ways: 1, histogram quantifying expression level of the marker gene
across al nuclel in the relevant cluster (top); and 2, 2D embedding of nuclel (as in Fig. IE)
showing relative expression level of the marker gene across all nuclei. (B) Nuc-Seq clusters
agree with the anticipated cell types based on the microdissected anatomical regions. Shown are
the distributions of nuclei from each microdissection source (DG, CAl, CA2 and CA3) within
each of the nuclei clusters identified as DG, CAl, and CA2 and CA3 combined. (C)
Computational pipeline for the validation of expression patterns using ISH. An example of
comparison of the expression pattern of the Smoc2 gene across CAl, CA2, CA3, and DG Nuc-
Seq clusters to its expression in the corresponding regions in ISH data. Top left: scatter plot of
2D embedding of al nuclel (asin Fig. IE) colored by the expression of Smoc2 across al nucle
(Nuc-Seq data). Top right: the average Nuc-Seq expression levels in the CAl, CA2, CA3, and
DG clusters presented in a schematics of the hippocampus (gray scale, high expression in dark
grey and low expression in light grey). Bottom left: the expression pattern of Smoc2 in Allen
ISH [64] image. Bottom right: the average expression levels in the CAl, CA2, CA3, and DG
regions presented in a schematics of the hippocampus (gray scae). (D) Distribution of
correlation coefficients of average RNA-Seq expressions and ISH [64] intensities per gene,
across all differentially expressed genes between the CAl, CA2, CA3 and DG regions. Shown
are al genes (blue) and lowly expressed (red) defined as averaged expression in al regions
within bottom 25% quantile.

[0077] Figure 10A-10D: Nuc-Seq identifies glia cell types. (A) Clustering of glia nuclei.
Top insert: the glial cluster (blue) within al other nuclei from Fig. IE. The glia nuclei are
divided to five clusters by PCA tSNE: oligodendrocytes (ODC), astroglia (ASC),
oligodendrocyte precursor cells (OPC), microglia, and a sparse cluster of diverse cells (grey). (B)
Marker genes. Heatmap shows the expression of marker genes (rows, t-test FDR g-value < 0.05
with log-ratio > 1 across al pairwise comparisons between sub-clusters) specific for each of the

five clusters in (A) (color bar, top, matches cluster color in A) across the single nuclei (columns).
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(C) Identification of each glial sub-cluster by marker genes. For each cluster, a marker gene
expression is shown in two ways. Top: 2D embedding of nuclei (as in A) showing relative
expression level of the marker gene across al nuclei. Bottom: histogram quantifying expression
level of the marker gene nuclel in the relevant cluster (colored bars) and the distribution across
al other nuclei (dashed red line). (D) Single nuclel transcriptional profiles match population
RNA-Seq. Heat map showing the expression of top marker genes in the average of single nuclei
(left) and in population RNA-Seq [74]. Bottom: Bar plot of the Pearson correlation (R) of each
expression signature to the relevant population.

[0078] Figure 11A-11E: BiSNE algorithm. (A) BiSNE algorithm. Top row, left to right:
BiSNE takes as input an expression matrix of genes (rows) across nuclel (or cells, columns). It
generates a 2-D plot of nuclei by dimensionality reduction using PCA followed by tSNE non-
linear embedding, and then scores each gene by their expression across the 2-D plot, such that
genes expressed in nuclel in proximity on the 2-D plot (dark blue points, top) are high scoring,
whereas those expressed in nuclei scattered across the plot (dark blue points, bottom) are low
scoring. Bottom row, right to left: Next, it takes an expression matrix of only high scoring genes
(heatmap, genes (rows) across all nuclei (columns)), and repeats the dimensionality reduction.
BiSNE is followed by density clustering (colored, bottom left). (B) BiSNE sub-clustering.
Dendrogram of all nuclei clusters along with number of sub-clusters found by biSNE. NPC:
neuronal precursor cells, ODC: oligodendrocytes, ASC: astroglia, OPC: oligodendrocyte
precursor cell. (C) Expression of marker genes across 2-D embedded nuclel before and after
biSNE. Shown isapanel of the same tSNE 2-D embedding of the GABAergic nuclei (from Fig.
IE), with each panel colored by the expression of a marker genes (denoted on the left). Top:
using PCA-tSNE only. Bottom: using biSNE. (D) 2D embedding of cells using genes selected by
generalized linear model (GLM) with different thresholds (Top). Cells are grouped in leftmost
2D embedding and denoted by group colors. GLM with less stringent thresholds selects more
genes (From left to right), and results in different 2-D embedding without preserving cell
grouping (from Left to Right). (E) 2-D embedding of cells using genes selected by biSNE with
different thresholds (Top). biSNE with different thresholds results in similar 2-D embedding
preserving cell grouping (from Left to Right).

[0079] Figure 12A-12C: Transcriptional profiles of GABAergic interneurons. (A) biSNE

clustering of GABAergic interneurons is independent of AAV infection or expression of
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transgene. Showing tSNE 2-D embedding of the GABAergic nuclei clustered with biSNE (from
Fig. 2A) displaying untagged nuclei (blue) and Vgat-tagged nuclei (red) from Vgat-cre mice
(Fig. 5). (B) Differentially expressed neuronal functional genes across GABAergic sub-clusters
(Fig. 2A). Average centered expression of differentially expressed (t-test FDR g-value < 0.05
with log-ratio > 1in at least one pairwise comparison between sub-cluster). K+ channels (top
left), Ca2 + channels (top right), receptors (bottom right). (C) Differentially expressed neuronal
functional genes shown asin (B): synaptic transmission (top left), Neuropeptides (middle left),
sodium channels (bottom left), solute carriers (middle, rows), and other neuronal function (right,
rows) across GABAergic sub-clusters (columns, Fig. 2A).

[0080] Figure 13A-13E: Vadlidation of GABAergic interneuron subtypes. (A) double
fluorescent RNA in situ hybridization (dFISH) of Calb2 (green) and Vip (red). Expressions of
Calb2 and Vip are largely overlapped. Scale bar: 20um. (B) dFISH of Calb2 (green) and Htr3a
(red). Expressions of Calb2 and Htr3a are partialy overlapped. Scale bar: 20um. (C) dFISH of
Cab2 (green) and Pvalb (red). Expressions ofCab2 and Pvalb are not overlapped. Scale bar:
20um. (D) Quantification of dFISH images. Bar plots showing the percent of single and double
labeled cells in FISH images for each pair of genes. (E) DAPI image showing the entire view of

hippocampus. Scale bar 100um. g.cl. - granule cell layer; m.l. - molecular layer; sl.m. -
stratum locunosum-moleculare; s.r. - stratum radiatum; p.l. - pyramidal layer; s.o. - stratum
oriens.

[0081] Figure 14A-14D: Spatia pattern of DG granule cells. (A) DG granule cells sub-
clusters. Shown isabiSNE 2-D embedding of the DG granule nuclel with 3 sub-clusters denoted
by colors. (B) Differential genes between clusters that have a distinct spatial pattern. 2-D
embedding of nuclei (asin A), each showing the relative expression level of agene expressed in
the dorsal DG (top) or the ventral DG (bottom). (C) Schematics of hippocampal anatomy in a
sagittal plane. DG marked in red. p.l. - pyramidal layer. (D) Spatia pattern of genes in the DG.
ISH [64] sagittal image of the genes in (B). Top: Dorsa expression pattern. Bottom: Ventral
expression. Scale bar: 400um.

[0082] Figure 15A-15E: Spatial assignment method (A) Spatial assignment using landmark
gene expression. Nuclel sub-clusters are assigned to brain regions, by comparing a spatial map of
landmark gene expression from ISH data to the expression of the landmark genes in each of the

sub-clusters. An example using the landmark gene Wfdl. Left to right: creating a spatial
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landmark expression map from ISH data - Wfdl Allen ISH [64] image data is quantified for its
intensity in 15 bin grid (dividing the CAl region into five grid bins along the dorsal -ventral axis
and three grid bins along medial-lateral axis). (B) Left to right: Sub-cluster expression map -
Wfs RNA-Seq expression across CAl pyramida nuclei (left) is fitted with regression and
binarized (middle) to generate a profile (right) of the percentage of Wfs expressing nuclei
(greyscale) in each of the CAl pyramidal sub-clusters. (C) Hippocampus spatial anatomy in a
coronal sections. Left: The mouse hippocampus 3-D structure and the coronal section (brown
plane) used in this analysis. Right: Schematics of the coronal section shown on the left. CAl

(including subiculum): orange; CA3 (including the hilus): green; DG: dark grey. M : medial, L:
lateral, D: dorsal, V:ventral. Sub: Subiculum. (D) Registration of CAl pyramidal sub-clusters to
CAl sub-regions. Left: correlation of each sub-cluster to CAl sub-regions using landmark genes.
Right: sub-cluster assignments (numbered arrows and color code). (E) Registration of CA3
pyramidal sub-clusters to CA3 sub-regions. Shown asin (D). Dentate gyrus in gray isincluded in
the schematic for spatial reference.

[0083] Figure 16A-16C: Spatial landmark genes in CAl. (A) Spatial landmark genes in the
CAl. Top left: Schematics of the hippocampus marking the CAl and subiculum grid (orange).
Displaying for each landmark gene an ISH [64] image showing its expression pattern in CAl

(right) and a heatmap showing the quantification of ISH intensities across the grid (left). Scale
bar: 400um. (B) Expression of landmark genes across the CAl pyramida sub-clusters. Heatmap
showing the fractions of nuclei expressing each landmark genes in each biSNE sub-cluster. (C)
Expression intensity of landmark genes in ISH [64] correlates with expression intensity predicted
using Nuc-Seq data. Displayed in heat map (left) and box plot (right). In box plot, the median
(red), 75% and 25% quantile (box), error bars (dashed lines).

[0084] Figure 17A-17C: Spatial landmark genes in CA3. (A) Spatial landmark genes in the
CA3. Top left: Schematics of the hippocampus marking the CA3 grid (green). Displaying for
each landmark gene an ISH [64] image showing its expression pattern in CA3 (right) and a
heatmap showing the quantification of ISH intensities across the grid (left). Scale bar: 400um.
(B) Expression of landmark genes across the CA3 pyramida sub-clusters. Heatmap showing the
fractions of nuclei expressing each landmark genes in each biSNE sub-cluster. Marking the
differentially expressed landmark genes in CA3.4, 5, 6 sub-clusters (red box). (C) Expression

intensity of landmark genes in ISH [64] correlates with expression intensity predicted using Nuc-
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Seq data. Displayed in heat map (left) and box plot (right). In box plot, the median (red), 75%
and 25% quantile (box), error bars (dashed lines).

[0085] Figure 18A-18F: Examples of CAl and CA3 predicted spatial expression. (A-B)
Validation of spatial assignments in the CAl pyramida sub-clusters (denoted as
CAl. 1,..,CAl. 8). Predictions (left illustrations; dark and light boxes showing predicted
differential expression regions) match well with Allen ISH [64] images (right; arrowhead: high
expression; asterisk: depletion) in pairwise comparison of genes differentially expressed between
two sub-clusters (genes and clusters labeled on top). (C) ISH image [64] of the example genes
showing the entire view of dorsal-ventral CAl. Scale bar: 400um. (D) ISH image [64] of the
example genes showing the entire view of dorsal-ventral CA3. Scale bar: 400um. (E) Restricted
spatial expression pattern in ventral CA3 of Col6al and Kcng5. Showing ISH [64] images. Top:
entire view of CA3. Middle: view of region marked by the upper dashed box. Bottom: view of
the region marked by the lower dashed box. (F) Validation of spatia assignments in the CA3
pyramidal sub-clusters. Shown asin (A).

[0086] Figure 19A-19C: Clustering of CAl pyramida neurons from published single cell
RNA-Seq data. (A) Nuc-Seq and biSNE improve cell sub-type classification of CAl pyramidal
neurons compared to single neuron RNA-seq. Pairwise comparison of the expression levels of
spatial landmark genes across 2-D biSNE embedding of of CAl pyramida neurons (left, data
from single neurons RNA-seq [50]) and Nuc-Seq (right), showing the relative expression level of
the gene (color scale). The expression of each gene is not restricted to any sub-cluster in the
single neuron data [50], but isrestricted to distinct subclusters in Nuc-Seq data. biSNE identified
differential genes that have localized expression pattern the 2-D embedding of the single neuron
RNA-Seq data. On top of each pair of plots, the anatomical region where the expression pattern
of this gene isrestricted to (identified in ISH [64]) is marked on the left, and the gene name on
the right. dCAI: dorsal CAIl; vCAl: ventral CAI; Sub: Subiculum. (B) A CA2 landmark gene
Map3kl5 is not selected by biSNE and does not have localized expression pattern in the 2-D
embedding of the CAl pyramidal neurons from the single cell RNA-Seq data. 2-D embedding of
CAl pyramidal neurons (Left: data from [64]) and nuclel (Right: data from Nuc-Seq) showing
the relative expression level of the gene (as in A). (C) 2-D embedding of the CAl neurons

showing the original assignment to 4 sub-clusters identified in [64] and denoted by colors.
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CAIPyrl: CA1 pyramidal neuron type 1; CA2Pyr2: CA1 pyramidal neuron type 2; CAIPyrint:
CA1 pyramidal intermediate; CA2Pyr2: CA2 pyramidal neuron.

[0087] Figure 20A-20G: Expression of Penk/Cck gene signatures in the DG. (A) DG nuclei
form a continuum on expressions of Penk/Cck gene signature. Top left: DG cluster (as in Fig.
IE). Bottom left: DG cells form a continuum when mapped only by the gene sets containing
Penk or Cck (in B). Cells are color coded by Penk/Cck gene signature expression. (B) Gene
signatures expressed across granule cells in DG, marked by Penk and Cck expression (red labels,
right). Absolute log(TPM) expression values. Dashed line separates nuclel expressing Penk
highly (left) or lowly (right). (C) Distribution of expression (Box plot, Y axis) of Penk (dark
grey, facing up) and Cck (light grey, facing down) across each sub-clusters of GABAergic
neurons and DG granule cells (X axis). Box plots show the median (red), 75% and 25% quantile
(box), error bars(dashed lines), and outliers (red cross). (D) gPCR validation of two DG
subpopulations differentially expressing Penk (Y axis) and Cck genes (X axis), respectively.
Proportion of nuclei at each expression quadrant is marked. (E) Schematics of hippocampal
anatomy in a sagittal plane red structure represents DG, same asin Fig. 14. (F) Spatia pattern
on the Penk and Col6al genes. ISH [64] images of two coexpressed genes Penk and Col6al in
the sagittal plane with view of the entire DG. scale bar: 400um. (G) Inferred transcription factors
regulating the Penk/Cck gene signatures. Factors shown have known targets enriched in
differentially expressed genes in the Penk/Cck gene signatures (hypergeometric p-value,
Ingenuity Pathway Analysis). Edges denote transcription regulation.

[0088] Figure 21A-21D: Continued Double FISH validates mutual exclusive expression of
Penk and Oprdl. (A) From Top to Bottom: dFISH Penk/Oprdl (green) and Htr3a/Vip/Pvalb
showing expressions of Penk and Htr3a are partially overlapped. expressions of Oprdl and Htr3a
are mostly not overlapped. expressions of Penk and Vip are largely overlapped. expressions of
Oprdl and Vip are not overlapped. expressions of Penk and Pvalb are not overlapped.
expressions of Oprdl and Pvalb are largely overlapped. Scale bar: 20um. sir. - stratum radiatum;
p.l. - pyramida layer. (B) Quantification of dFISH images. Bar plots showing the percent of
single and double labeled cells in FISH images for each pair of genes. (C) Allen ISH [64] image
of Penk gene with view of the upper DG (top), and the lower DG (bottom). Shows its expression
pattern in the CA1 and DG. Scale bar: 400um. (D) Allen ISH [64] image of Oprdl gene (asin B)
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shows its expression in the subiculum and its depletion in the dorsal CA1 and DG regions. Scale
bar: 400um.

[0089] Figure 22A-22H: Nuc-seq combined with labeling of dividing cells (Div-Seq)
profiles adult newborn precursors and neurons. (A) Cells expressing immature neuronal markers
with EdU tagging. Left: heatmap showing 4 nuclel expressing immature neuronal marker genes:
Sox4, Dcx, Soxl |, and Cd24a. Right: 2-D embedding of the glial cluster of nuclei (from Fig.
IE), clustered asin Fig. 10 colored by the expression level of Soxl | gene. These nuclei are
marked in the 2-D embedding of glial-like cells as in Fig. 10 (black dashed circle) (B) EdU
labeled cells cluster separately from other cells. Shown is a biSNE 2-D embedding of all nuclel
including the EdU labeled nuclel extracted after 2-day and 14-day post labeling. Most |abeled
nuclei form a distinct cluster. (C) EdU labeling tagged cells in the subgranular zone (SGZ)
region. Shown are EdU staining (GFP click chemistry) and DAPI staining (blue) of tissue dlice
two weeks post EdU injections. (D) FACS sorting of EJU labeled nuclei. Shown is a scatter plot
of log GFP intensity (X axis) and the log ruby-dye intensity (Y axis) from FACS of nucle
isolated two days after EAU injection (left) and with no EdU injections (right). Both samples
were treated with click chemistry asin B. (E) Dcx immature neuronal marker gene is expressed
in GABAergic neurons. Box plots showing expression levels of the Dcx gene across mature
granule neurons, immature neurons (EdU labeled) and GABAergic neurons. In box plots, the
median (red), 75% and 25% quantile (box), error bars (dashed lines), and outliers (red dots). (F)
Most of the 14 days EdU labeled nuclei are immature neurons. Shown is the distribution of 14
days EdU labeled nuclei across cell types, assigned to by clustering (as in B) and marker gene
expression: Oligodendrocyte precursor cells, OPC; granule cells, DG; Astrocytes, ASC;
Oligodendrocytes, ODC. (G) Expression of known marker genes along the trajectory matches the
expected dynamics. Left: Heatmap of the expression of the markers and related genes (rows),
sorted by their expected pattern, along the neurogenesis trgectory (columns, running average
along the trgjectory). Data in log(TPM+l), color scale asin (A). Right: Heatmap of the same
markers along the neurogenesis trajectory when using Div-Seq libraries a 2.5 days and 1 week
post EdU injections, showing a similar dynamic expression pattern. (H) Expression level of
known transcription factors across cell types, showing known regulators of each cell type.

Shown are the relative average expression levels (bars) across cells.
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[0090] Figure 23A-23F: Transcriptiona and epigenetic switch during adult neurogenesis
and neuronal maturation. (A) Dynamically regulated TFs and chromatin regulator. Heatmap of
the running average expression (log(TPM+l)) of the regulators (rows) along the trajectory
(columns). Genes are sorted by the cluster they were identified in (asin Fig. 3E). Red lines mark
the transition from neuronal precursor cells (NPCs) to neuroblast (NB) and from NB to immature
neurons. (B) Examples of dynamic expression patterns of families of regulators. Heatmap asin A
with an additional column for the expression (log(TPM+l)) of the same genes in mature granule
nuclee (DG cluster). Top: Sox family genes. Middle: Cyclin (Cdk) genes. Bottom: kinesin
superfamily. (C) Examples of dynamic expression patterns of families of chromatin remodelers.
Presented as in B. Top: Histone deacetylases (HDACs). Middle: Chromatin dehydrogenases.
Bottom: histone demethylase protein family. (D) Transcriptional switches in the BAF complex.
Top: Schematics of the complex. The positions of each component within the complex are
denoted by colors, and below: the heatmap of average expression of complex component genes
in NPCs, NB, immature, and mature granule DG cells (log(TPM+l)). (E) Examples of families
of actin/cytoskeleton and Semaphorin signaling associated genes. Presented as in B. Top:
Semaphorin  genes. Middle-top: Rho-associated serine/threonine kinases. Middle-bottom:
serine/threonine p2l-activating kinases. Bottom: Microtubule Associated Serine/Threonine
Kinase 3. (F) Comparison of Div-Seq data to other datasets. Heat maps from right to left: Div-
Seq data presented asin (B); RNASeq time course of in vitro derived neurons from hES cells,
average of replicates per day [84]; Single cells RNA-Seqg of mouse adult neurona stem cells and
progenitors in the DG across pseudotime [79]; Single cell RNA-Seq of fetal human neuronal
precursor cells, hNPCs (Tirosh et al. unpublished);

[0091] Figure 24A-24E: Transcriptional program of neuronal maturation revealed by Div-
Seq. (A) Maturation signature. Shown isthe expression of genes (rows) differentially expressed
(t-test FDR g-value < 0.01) between the mature granule cells (orange bar, top) and the immature
neurons (14d labeling; grey bar, top). Key markers of immature (Dcx, Soxl |, Foxgl ) and
mature (Calbl ) neurons are marked in red. Other genes of interest are marked in black,
including receptors, channels, axon guidance molecules and the GABA transporter (Gatl ). (B)
Differential paralog expression may lead to functional specialization of the semaphorin pathway.
Shown is the semaphorin signaling pathway, highlighting genes induced in immature (red) and

mature (blue) neurons. (C) Young (1-month-old) mice have a higher fraction of immature cells
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compared to 12 months and 2 years old animals. Shown isthe distribution of maturation scores
across granule cells in 2-year old mice (red), 3-months old mice (orange) and adolescent 1-
month old mice (green), and immature neurons (gray). Score defined as the difference in
accumulated expression levels of up-regulated and down-regulated genes between mature and
immature neurons. (D) Gadl and Gatl expression in neuronal precursor cells (NPCs), neuroblast
(NB), immature and mature granule DG cells. In box plots, the median (red), 75% and 25%
quantile (box), error bars (dashed lines), and outliers (red dots). (E) FISH of Gadl (green) and
Gad2 (red). Gadl iswidely expressed throughout cellsin DG, whereas Gad?2 is sparse. Scale bar:
[O0um.

[0092] Figure 25A-25E: (A) Workflow for microfluidic device for analyzing nuclel (Dronc-
Seq.) (B) Microfluidic device design generated using AutoCAD. (C) Bright-field micrographs of
droplet generation in Drop-Seq (left), and drops with barcode beads and lysed cellular material
(right). (D) Bioanayzer trace of cDNA library after whole transcriptome amplification. (E)
Distribution of number of genes captured for ~ 500 nuclei.

[0093] Figure 26: Bioanalyzer trace of cDNA library after whole transcriptome
amplification with FACS enrichment (top). Distribution of number of genes captured for ~ 500
nuclei with FACS enrichment (bottom).

[0094] Figure 27: Bioanalyzer trace of cDNA library after whole transcriptome
amplification without FACS enrichment (top). Distribution of number of genes captured for ~
500 nuclei without FACS enrichment (bottom).

[0095] Figure 28: Schematic representation of a Dronc-Seq device (left) and plates for
performing Nuc-Seq (right).

[0096] Figure 29: Staining and photograph of droplets obtained with a Dronc-Seq device.
The results were obtained using the nuclei purification protocol (Method A) as described in
Example 6.

[0097] Figure 30: RNA analysis using Dronc-Seq: single nuclei RNA profiling.

[0098] Figure 31: RNA analysis using Dronc-Seq: single nuclei RNA profiling. WTA:
Whole transcriptome analysis, showing integrity of the RNA population retrieved using Dronc-
Seq.

[0099] Figure 32: Schematic representation of Dronc-Seq devices for generating droplets of

various sizes. In these designs, both carrier fluid channels comprise aresistor.
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[00100] Figure 33: Schematic representation of Dronc-Seq devices for generating 90, 80 and
75 win droplets. Inthese designs, the carrier fluid channels do not comprise aresistor.

[00101] Figure 34: Schematic representation of a Dronc-Seq device for generating 70 pin
droplets.

[00102] Figure 35: Photograph of a Dronc-Seq device generating 75 wun droplets. Inrun A:
the flow rates are 2 mi/hr for aqueous suspensions (beads, resp nuclei), and 8 mi/hr for the oilous
phase. Inrun B:the flow rates are 1.25 mi/hr for agueous suspensions (beads, resp nuclei), and
16 mi/hr for the oilous phase.

[00103] Figure 36: Species mixing experiments. Dronc-Seq alows to accurately remember
the nucleus-of-origin of the RNA. A 70 wn Dronc-Seq device was used to analyze species
mixing % using Poisson loading concentrations. Beads were used a 350 k/ml and nuclei at
300k/ml with human (HEK293T cell line) and mouse (frozen brain tissue) at 1:1 number ratio.
Runs were performed in duplicate under two conditions (A and B, as depicted in Figure 35).
[00104] Figure 37: Species mixing experiments. Dronc-Seq alows to accurately remember
the nucleus-of-origin of the RNA. A 70 wn Dronc-Seq device was used to analyze species
mixing % using Poisson loading concentrations. Beads were used a 350k/ml and nuclei a
300k/ml with human (HEK293T cell line) and mouse (frozen brain tissue) at 1:1 number ratio.
Runs were performed in duplicate under two conditions (A and B, as depicted in Figure 35).
[00105] Figure 38: Results obtained with Dronc-Seq analysis of afrozen sample (1.), and of
cells of ahuman cdll line (2.): plots of #genes or #transcripts detected per nucleus for Dronc-Seqg.
[00106] Figure 39: Dronc-Seq analysis alows clustering of nuclei from frozen mouse brain
samples by RNA-signatures.

[00107] Figure 40: Dronc-Seq results obtained on human nuclei alows cell clustering (the
color indicates the number of genes detected per sample). The cells were from a post-mortem
human hippocampus.

[00108] Figure 41: Transcriptional dynamics of adult neurogenesis by Div-Seq. (A) Div-Seq
method: EdU isinjected into adult mice and incorporates into dividing cells (5). Isolated EdU-
labeled nuclei are fluorescently tagged by click-1T chemistry and captured by FACS for sNuc-
Seq. (B) Adult neurogenesis in the DG (4) Tan box: timing of EdU labeling. NSC: neurona
stem cell. Bottom panel: EdU labeling and tissue dissection (gray) time course. (C) A
continuous trajectory of newborn cells in the DG. biSNE 2D embedding of neuronal lineage
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nuclei (n-269). Arrow: direction of trajectory determined by labeling time and marker
expression. Top: Colored by labeling time (1 to 14 days). Bottom: Expression of markers,
shown as (i) average expression aong the trajectory (left colorbar) and (ii) 2D embedding
colored by the expression level (right colorbar). Markers (clockwise from top left): Sox9 (NSC).
Notchl (proliferation/differentiation). Neurodl (immature neurons). Eomes/Th2 (neuronal
precursor). (D) Expression waves along the trajectory. Left: average expression of cluster genes
along the trajectory. Middle: heat-map of average expression of each gene along the trajectory
and neurogenic stages [labeled asin (B)]. Right: representative enriched biological pathways.
[00109] Figure 42: Dynamics of adult newborn GABAergic neurons in SC. (A) Div-Seq in
SC captures oligodendrocytes precursor cells (OPCs) and immature neurons. Distribution of cell
types in non-EdU-labeled and 6 to 7 days EdU-labeled nuclei. (B) Div-Seq captured nuclei
expressing marker genes of immature (Soxl 1) and GABAergic (GAdI) neurons. Box plots for
immature neurons, mature neurons, and OPCs. Red: median; box: 75 and 25% quantiles. (C)
Newborn cellsin SC form a continuous trgjectory. Two-dimensional embedding of 1to 7 days
EdU-labeled and nonlabeled nuclel (n=184 neuronal lineage nuclei), colored by labeling time.
Trajectory directionality is based on EdU labeling time and marker genes. (D) Dynamicaly
expressed genes shared in SC and DG neurogenesis (347 genes from Fig. 48B and Fig. 41D). (E)
Gradual transition from aglia-like neuronal state. Neuronal trajectories in SC [asin (C)] and DG
(as in Fig. 41C) colored by a glianeuron RNA expression score. (F) Region-specific gene
expression in immature neurons (6 to 7 days after EdU labeling). A total of 236 genes
differentially expressed between SC and DG (t-test false discovery rate <0.05. log-ratio >1) in
olfactory bulb (OB), SC, and DG. Box: average expression of example genes up-regulated in
OB and SC compared to DG.

[00110] Figure 43: Nuc-seq combined with labeling of dividing cells (Div-Seq) profiles adult
newborn precursors and neurons. (A) Cells expressing immature markers with EdU tagging.
Left: heatmap showing 4 nuclel expressing immature neuronal marker genes. Sox4, Dcx, Soxl |,
and Cd24a. Right: 2-D embedding of the glia cluster of nuclei (from Fig. 1B), clustered asin
fig. 10A colored by the expression level of Soxl | gene. These nuclei are marked in the 2-D
embedding of glia like cells asin fig. 10A (black dashed circle) (B) EdU labeled cells cluster
separately from other cells. Shown is abiSNE 2-D embedding of al nuclei including the EdU
labeled nuclei extracted after 2-day and 14-day post labeling. Most labeled nuclel form a distinct
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cluster. (C) EdU labeling tagged cells in the subgranular zone (SGZ) region. Shown are EdU
staining (GFP click chemistry) and DAP1 staining (blue) of tissue dlice two weeks post EdU
injections. (D) FACS sorting of EJU labeled nuclei. Shown is a scatter plot of lot GFP intensity
(X axis) and the log ruby-dye intensity (Y axis) from FACS of nuclel isolated two days after
EdU injection (left) and with no EdU injections (right). Both samples were treated with click
chemistry asin B. (E) Dcx, acommonly used marker for immature neurons, was expressed in all
mature GABAergic neurons in the hippocampus, highlighting the limits of using single marker
genes to identify cell types. Box plots showing expression levels of the Dcx gene across mature
granule neurons, immature neurons (EdU labeled) and GABAergic neurons. In box plots, the
median (red), 75% and 25% quantile (box), error bars (dashed lines), and outliers (red dots). (F)
Most of the 14 days EdU labeled nuclei are immature neurons. Shown isthe distribution of 14
days EdU labeled nuclei across cell types, assigned by clustering (as in B) and marker gene
expression: Oligodendrocyte precursor cells, OPC, dentate gyrus granule cells, DG; Astrocytes,
ASC; Oligodendrocytes, ODC. (G) Div-Seq captured cells expressing known markers of
neuronal precursors, neuroblasts and immature neurons. Box plots for the 1-14 days EdU
labeled nuclei (excluding nuclei classified as non-neuronal). (H) Newborn neurons cluster along
a continuous trajectory independent of animal age. Data includes nuclei from 6, 8 and 11 weeks
old mice. Showing 2-D embedding of 1-4 days EdU labeled nuclei colored by animal age.

[00111] Figure 44: Transcriptional and epigenetic switch during adult neurogenesis and
neuronal maturation in the DG. (A) Expression of known marker genes along the tragectory
matches the expected dynamics. Left: Heatmap of the expression of the markers and related
genes (rows), sorted by their expected pattern, along the neurogenesis trajectory (columns,
running average aong the trajectory). Data in log(TPM+l). (B) Expression level of known
transcription factors (TF) across cell types, showing known regulators of each cell type. Shown
are the relative average expression levels (bars) across cells. (C) Dynamically regulated TFs and
chromatin regulator. Heatmap of the running average expression (log(TPM+l) of the regulators
(rows) aong the trgjectory (columns). Genes are sorted based on their cluster identities (as in
Fig. 41D). Red lines mark the transition from neuronal precursor cells (NPCs) to neuroblast (NB)
and from NB to immature neurons. (D) Examples of dynamic expression patterns of families of

regulators. Top: Sox family genes. Middle: Cyclin (Cdk) genes. Bottom: kinesin superfamily.
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[00112] Figure 45: Tissue validation of markers of immature neurons in hippocampus. (A)
Heatmap of running average expression of genes along the DG maturation trgjectory, showing
known and novel stage specific gene expression. Known markers genes are marked by asterisks.
(B) Coronal sections of adult mouse dentate gyrus stained with co-FISH of Draxin (green) and
Eomes (red). Cell nuclei were labeled with DAPI. Insets show higher magnifications of the
boxed areas indicated with asterisks. Overlaps of Draxin and Eomes are indicated with
arrowheads. (C) and (D) Corona sections of the adult mouse dentate gyrus stained with EdU
labeling (green) and FISH (red) of Eomes (C) or Rrm2 (D) a 2 and 12 days after intraperitoneal
(i.p.) EdU injection. Cell nuclei were labeled with DAPI. Overlaps of Eomes and Rrm2 with
EdU are found a 2 days (arrows) but not a 12 days (arrowhead) post i.p. EdU injection. Scale
bars: 50 m.

[00113] Figure 46: Dynamic expression of genes during the SC adult neurogenesis. (A)
Nuclel cluster primarily by cell type and maturation state and secondarily by region. Shown is
biSNE 2-D embedding of cells from SC and the DG. Nuclei are colored by tissue. (B) Dynamic
gene expression clusters along the SC newborn neuronal maturation trgjectory. Four clusters are
shown from top to bottom, presented as a heatmap of running average expression of all genes
along the trgjectory (n=1,239 genes). (C) Heatmap of running average expression of known cell
stage and cell type marker genes along the trajectory inthe SC (left) and DG (right).

[00114] Figure 47: Survival of newborn neurons in the SC. (A) 23-24 days post EdU nuclei
embedded into the 2-D clustering of neuronal lineage genes (from Figure 42C). Showing a set
(10%) of nuclei that cluster with the immature neurona nuclei along the trgjectory. (B) Bar plot
showing the number of nuclel classified as oligodendrocytes (ODC), immature/young neurons
(IN) or other cell types. (C) Marker genes expressed along the combined neuronal and 23-24
days EdU labeled nuclei trajectory. From left to right: Mbp oligodendrocyte marker, Meg3
neuronal marker, Gad2 GABAergic marker, and Dcx immature neuronal marker.

[00115] Figure 48: Tissue validation of Pbx3 expression in newborn cells of the spina cord.
Cross section of adult mouse spinal cord 8 days after intraperitoneal BrdU injection stained with
anti-BrdU (green), Pbx3 (red) and NeuN (magenta) antibodies. Cell nuclel were labeled with
DAPI. (A) Overview of spinal cord shows spare BrdU labeling in grey matter (gm) and white
matter (wm). (B and C) Higher magnifications of insets shown in (A) as indicated by asterisks.

(B) Overlap of BrdU, Pbx3 and NeuN in newborn cells proximate to the central cana (arrows).
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Overlap of BrdU, Pbx3 but not NeuN in anewborn cell within the central canal ependymal cell
layer (arrowhead). (C) Overlap of BrdU and Pbx3 (arrow) but not NeuN (arrowhead) in a
newborn cell a the border between gm and wm (indated by dotted line). Scale bars: 50 m.
[00116] Figure 49: Tissue validation of Pbx3 expression in newborn cells of the olfactory
bulb. Sagittal section of adult mouse olfactory bulb 8 days after intraperitoneal BrdU injection
stained with anti-BrdU (green), Pbx3 (red) and NeuN (magenta) antibodies. Cell nuclei were
labeled with DAPI. (A) Overview of olfactory bulb shows spare BrdU labeling in the glomerular
layer (GL) and externa plexiform layer (EPL). (B and C) Higher magnifications of insets shown
in (A) asindicated by asterisks. Overlap of BrdU, Pbx3 and NeuN in newborn cells are shown
(arrows). Scalebars: 40 m (A) and 10 m (B, C).

[00117] Figure 50: Tissue validation of Pbx3 expression in newborn cells of the dentate
gyrus. Sagittal section of adult mouse hippocampus 8 days after intraperitoneal BrdU injection
stained with anti-BrdU (green), Pbx3 (red) and NeuN (magenta) antibodies. No detectable Pbx3
expression levels in the dentate gyrus and no overlap of Pbx3 and NeuN with newborn cells.
Same confocal microscope settings have been used asin Fig. 48 and Fig. 49. Scale bar: 100 mm.
[00118] Figure 51- Showsthat DroNc-seq of nuclei from frozen mouse colon captures tissue
complexity. A. Genes detected per cell; B. Reproducibility across three independent
experiments; C. Clustering of X DroNc-seq single-nuclei expression-profiles into 10 classes of
cells; D. Expression of example genes across classes of cells; E. Expression of tphl in
enteroendocrine cells.

[00119] Figure 52 - A. Shows a mouse model for genetic targeting of rare cells in a complex
tissue. B. Shows the scope and overview of amouse screen to determine conditions for improved
nuclel preparations. Variables tested include buffer, detergent and dissociation.

[00120] Figure 53 - A-C. shows a comparison of the top 4 buffers from screen.

[00121] Figure 54 - Shows CST (CHAPS, Sdlt, Tris) and TST (Tween, Salt, Tris) have the
highest ENS score (cell quality) and TST has higher contamination than CST.

[00122]  Figure 55- Shows nuclei isolated with EZ lysis buffer.

[00123] Figure 56 - Shows nuclei isolated with CST with 0.196% CHAPS.

[00124] Figure 57 - Shows nuclei isolated with CST with 0.196% CHAPS.

[00125] Figure 58 - Shows nuclei isolated with CST with 0.196% CHAPS.

[00126] Figure 59 - Shows nuclei isolated with CST with 0.196% CHAPS.
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[00127] Figure 60 - Shows nuclel isolated with CST with 0.49% CHAPS.

[00128] Figure 61- Showsnucle isolated with CST with 0.49% CHAPS.

[00129] Figure 62 - Shows nucle isolated with TST with 0.03% tween-20.

[00130] Figure 63 - Shows sNucER facilitates characterization of ENS. A. Histology of
labelled cells; B. Classes of cells identified (2 glia, 3 neurons) using SNucER-seq; C. Circadian
oscillation in neurons and glia of ENS.

[00131] Figure 64 - shows comparison of extraction buffers to Sigma sEZ nuclei extraction
reagent. Shown are experiments with (A) EZ chop and (B) EZ frozen.

[00132] Figures 65A-65D - show analysis of prostate tissue by various prep methods.

[00133] Figures 66A-66F - shows clusters of nuclel from different classes of cells identified.
[00134] Figures 67A-67C - show clusters of nuclei from various sources.

[00135] Figures 68A-68C - show clusters of nuclel from different cells isolated with various
buffers and detergents.

[00136] Figures 69A-69F - shows graphs summarizing results of prep methods across
tissues. Shown are one tissue per prep method. No EZ for lung tissue in this particular
experiment.

[00137] Figures 70A, 70B - shows clusters of nuclei from heart tissue generated by various
prep methods.

[00138] Figures 71A-71E - shows clusters of nuclei from heart tissue generated by various
prep methods.

[00139] Figures 72A, 72B - shows clusters of nuclei from lung tissue generated by various
prep methods.

[00140] Figures 73A-73D - shows clusters of nuclei from lung tissue generated by various
prep methods.

[00141] Figures 74A, 74B - shows clusters of nuclel from prostate tissue generated by
various prep methods.

[00142] Figures 75A-75E - shows clusters of nuclei from prostate tissue generated by various
prep methods.

[00143] Figures 76A, 76B - shows clusters of nuclel from skeletal muscle tissue generated by

various prep methods.
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[00144] Figures 77A-77E - shows clusters of nuclei from skeletal muscle tissue generated by
various prep methods.

[00145] Figure 78 - lllustrates identification of major cell types in human colon muscle layer
using CST prep.

[00146] Figures 79A, 79B - show idenfication of barcodes using different microfluidics
systems.

[00147]  Figure 80 - shows reads mapped for each run of cortex using the Dolomite system.
[00148] Figures 81A-81F - showsreads and UMIs per cell barcode per run.

[00149] Figures 82A-82C - shows number of genes, UMIs, and ratio per run.

[00150] Figures 83A-83D - shows cell clusters obtained from different cerebral cortex
samples.

[00151] Figure 84 - shows aheatmap of the top differentially expressed genes.

[00152] Figures 85A, 85B - show tSNE plots of single-nuclei RNA profiles for breast tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (85A) and projection of gene expression (85B).

[00153] Figures 86A, 86B - show tSNE plots of single-nuclei RNA profiles for breast tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis
(86A) and projection of gene expression (86B).

[00154] Figures 87A, 87B - show tSNE plots of single-nuclei RNA profiles for breast tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (87A) and projection of gene expression (87B).

[00155] Figures 88A, 88B - show tSNE plots of single-nuclei RNA profiles for breast tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (88A) and projection of gene expression (88B).

[00156] Figures 89A, 89B - snow tSNE plots of single-nuclel RNA profiles for esophageal
mucosa tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (89A) and projection of gene expression (89B).

[00157] Figures 90A, 90B - snow tSNE plots of single-nuclel RNA profiles for esophageal
mucosa tissue samples and using the EZ protocol. Shown are clusters identified by k-means

clustering analysis (90A) and projection of gene expression (90B).
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[00158] Figures 91A, 91B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (91A) and projection of gene expression (91B).
[00159] Figures 92A, 92B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (92A) and projection of gene expression (92B).
[00160] Figures 93A, 93B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (93A) and projection of gene expression (93B).
[00161] Figures 94A, 94B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (94A) and projection of gene expression (94B).
[00162] Figures 95A, 95B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (95A) and projection of gene expression (95B).
[00163] Figures 96A, 96B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (96A) and projection of gene expression (96B).
[00164] Figures 97A, 97B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (97A) and projection of gene expression (97B).
[00165] Figures 98A, 98B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (98A) and projection of gene expression (98B).
[00166] Figures 99A, 99B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (99A) and projection of gene expression (99B).
[00167] Figures 100A, 100B - show tSNE plots of single-nuclei RNA profiles for esophageal
mucosa tissue samples and using the TST protocol. Shown are clusters identified by k-means

clustering analysis (100A) and projection of gene expression (100B).
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[00168] Figures 101A, 101B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (101A) and projection of gene expression (101B).
[00169] Figures 102A, 102B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (102A) and projection of gene expression (102B).
[00170] Figures 103A, 103B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (103A) and projection of gene expression (103B).
[00171] Figures 104A, 104B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (104A) and projection of gene expression (104B).
[00172]  Figures 105A, 105B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (105A) and projection of gene expression (105B).
[00173] Figures 106A, 106B - show tSNE plots of single-nuclei RNA profiles for esophageal
muscularis tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (106A) and projection of gene expression (106B).
[00174] Figures 107A, 107B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (107A) and projection of gene expression (107B).
[00175] Figures 108, 108B - show tSNE plots of single-nuclei RNA profiles for esophageal
muscularis tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (108A) and projection of gene expression (108B).
[00176] Figures 109A, 109B - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (109A) and projection of gene expression (109B).
[00177] Figures 110A, HOB - show tSNE plots of single-nuclel RNA profiles for esophageal
muscularis tissue samples and using the EZ protocol. Shown are clusters identified by k-means

clustering analysis (110A) and projection of gene expression (HOB).
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[00178] Figures 111A, 111 B - show tSNE plots of single-nuclei RNA profiles for esophagesal
muscularis tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (111A) and projection of gene expression (111B).

[00179] Figures 112A, 112B - show tSNE plots of single-nuclei RNA profiles for esophagesal
muscularis tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (112A) and projection of gene expression (112B).

[00180] Figures 113A, 113B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (113A) and projection of gene expression (113B).

[00181] Figures 114A, 114B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis
(114A) and projection of gene expression (114B).

[00182] Figures 115A, 115B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (115A) and projection of gene expression (115B).

[00183] Figures 116A, 116B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (116A) and projection of gene expression (116B).

[00184] Figures 117A, 117B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (117A) and projection of gene expression (117B).

[00185] Figures 118A, 117B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis
(118A) and projection of gene expression (118B).

[00186] Figures 119A, 119B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (119A) and projection of gene expression (119B).

[00187] Figures 120A, 120B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering

analysis (120A) and projection of gene expression (120B).
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[00188] Figures 121A, 121B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (121A) and projection of gene expression (121B).

[00189] Figures 122A, 122B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis
(122A) and projection of gene expression (122B).

[00190] Figures 123A, 123B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (123A) and projection of gene expression (123B).

[00191] Figures 124A, 124B - show tSNE plots of single-nuclei RNA profiles for heart tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (124A) and projection of gene expression (124B).

[00192] Figures 125A, 125B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (125A) and projection of gene expression (125B).

[00193] Figures 126A, 126B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis
(126A) and projection of gene expression (126B).

[00194] Figures 127A, 127B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (127A) and projection of gene expression (127B).

[00195] Figures 128A, 128B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (128A) and projection of gene expression (128B).

[00196] Figures 129A, 129B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (129A) and projection of gene expression (129B).

[00197] Figures 130A, 130B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis

(130A) and projection of gene expression (130B).
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[00198] Figures 131A, 131B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (131A) and projection of gene expression (13 1B).

[00199] Figures 132A, 132B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (132A) and projection of gene expression (132B).

[00200] Figures 133A, 133B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (133A) and projection of gene expression (133B).

[00201] Figures 134A, 134B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering anaysis
(134A) and projection of gene expression (134B).

[00202] Figures 135A, 135B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (135A) and projection of gene expression (135B).

[00203] Figures 136A, 136B - show tSNE plots of single-nuclei RNA profiles for lung tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (136A) and projection of gene expression (136B).

[00204] Figures 137A, 137B - show tSNE plots of single-nuclei RNA profiles for pancrestic
tissue samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (137A) and projection of gene expression (137B).

[00205] Figures 138A, 138B - show tSNE plots of single-nuclei RNA profiles for pancrestic
tissue samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (138A) and projection of gene expression (138B).

[00206] Figures 139A, 139B - show tSNE plots of single-nuclei RNA profiles for pancrestic
tissue samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (139A) and projection of gene expression (139B).

[00207] Figures 140A, 140B - show tSNE plots of single-nuclel RNA profiles for prostate
tissue samples and using the CST protocol. Shown are clusters identified by k-means clustering

analysis (140A) and projection of gene expression (140B).
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[00208] Figures 141A, 141B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the EZ protocol. Shown are clusters identified by k-means clustering
analysis (141A) and projection of gene expression (141B).
[00209] Figures 142A, 142B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (142A) and projection of gene expression (142B).
[00210] Figures 143A, 143B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (143A) and projection of gene expression (143B).
[00211] Figures 144A, 144B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (144A) and projection of gene expression (144B).
[00212] Figures 145A, 145B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the EZ protocol. Shown are clusters identified by k-means clustering
analysis (145A) and projection of gene expression (145B).
[00213] Figures 146A, 146B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (146A) and projection of gene expression (146B).
[00214] Figures 147A, 147B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (147A) and projection of gene expression (147B).
[00215] Figures 148A, 148B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (148A) and projection of gene expression (148B).
[00216] Figures 149A, 149B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the EZ protocol. Shown are clusters identified by k-means clustering
analysis (149A) and projection of gene expression (149B).
[00217] Figures 150A, 150B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the NST protocol. Shown are clusters identified by k-means clustering

analysis (150A) and projection of gene expression (150B).
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[00218] Figures 151A, 151B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (151A) and projection of gene expression (151B).

[00219] Figures 152A, 152B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (152A) and projection of gene expression (152B).

[00220] Figures 153A, 153B - show tSNE plots of single-nuclei RNA profiles for prostate
tissue samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (153A) and projection of gene expression (153B).

[00221] Figures 154A, 154B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (154A) and projection of gene expression (154B).

[00222] Figures 155A, 155B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (155A) and projection of gene expression (155B).

[00223] Figures 156A, 156B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (156A) and projection of gene expression (156B).

[00224] Figures 157A, 157B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (157A) and projection of gene expression (157B).

[00225] Figures 158A, 158B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (158A) and projection of gene expression (158B).

[00226] Figures 159A, 159B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (159A) and projection of gene expression (159B).

[00227] Figures 160A, 160B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the NST protocol. Shown are clusters identified by k-means

clustering analysis (160A) and projection of gene expression (160B).
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[00228] Figures 161A, 161B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (161A) and projection of gene expression (161B).

[00229] Figures 162A, 162B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the CST protocol. Shown are clusters identified by k-means
clustering analysis (162A) and projection of gene expression (162B).

[00230] Figures 163A, 163B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the EZ protocol. Shown are clusters identified by k-means
clustering analysis (163A) and projection of gene expression (163B).

[00231] Figures 164A, 164B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the NST protocol. Shown are clusters identified by k-means
clustering analysis (164A) and projection of gene expression (164B).

[00232] Figures 165A, 165B - show tSNE plots of single-nuclei RNA profiles for skeletal
muscle tissue samples and using the TST protocol. Shown are clusters identified by k-means
clustering analysis (165A) and projection of gene expression (165B).

[00233] Figures 166A, 166B - show tSNE plots of single-nuclei RNA profiles for skin tissue
samples and using the CST protocol. Shown are clusters identified by k-means clustering
analysis (166A) and projection of gene expression (166B).

[00234] Figures 167A, 167B - show tSNE plots of single-nuclei RNA profiles for skin tissue
samples and using the EZ protocol. Shown are clusters identified by k-means clustering analysis
(167A) and projection of gene expression (167B).

[00235] Figures 168A, 168B - show tSNE plots of single-nuclei RNA profiles for skin tissue
samples and using the NST protocol. Shown are clusters identified by k-means clustering
analysis (168A) and projection of gene expression (168B).

[00236] Figures 169A, 169B - show tSNE plots of single-nuclei RNA profiles for skin tissue
samples and using the TST protocol. Shown are clusters identified by k-means clustering
analysis (169A) and projection of gene expression (169B).

[00237] Figure 170 - shows comparison of methods for single nuclei sequencing.
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DETAILED DESCRIPTION OF THE INVENTION

General Definitions

[00238] Unless defined otherwise, technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
pertains. Definitions of common terms and techniques in molecular biology may be found in
Molecular Cloning: A Laboratory Manual, 2nd edition (1989) (Sambrook, Fritsch, and
Maniatis); Molecular Cloning: A Laboratory Manual, 4th edition (2012) (Green and Sambrook);
Current Protocols in Molecular Biology (1987) (F.M. Ausubel et a. eds.); the series Methods in
Enzymology (Academic Press, Inc.): PCR 2: A Practical Approach (1995) (M.J. MacPherson,
B.D. Hames, and G.R. Taylor eds.): Antibodies, A Laboratory Manual (1988) (Harlow and Lane,
eds): Antibodies A Laboraotry Manua, 2nd edition 2013 (E.A. Greenfield ed.); Animal Cell
Culture (1987) (R.I. Freshney, ed.); Benjamin Lewin, Genes IX, published by Jones and Bartlet,
2008 (ISBN 0763752223); Kendrew et a. (eds), The Encyclopedia of Molecular Biology,
published by Blackwell Science Ltd., 1994 (ISBN 0632021829); Robert A. Meyers (ed.),
Molecular Biology and Biotechnology: a Comprehensive Desk Reference, published by VCH
Publishers, Inc., 1995 (ISBN 9780471 185710); Singleton et al., Dictionary of Microbiology and
Molecular Biology 2nd ed., J. Wiley & Sons (New York, N.Y. 1994), March, Advanced Organic
Chemistry Reactions, Mechanisms and Structure 4th ed., John Wiley & Sons (New York, N.Y.
1992); and Marten H. Hofker and Jan van Deursen, Transgenic Mouse Methods and Protocols,
2nd edition (201 1) .

[00239] Asused herein, the singular forms "a', "an", and "the" include both singular and
plural referents unless the context clearly dictates otherwise.

[00240] The term "optional" or "optionally" means that the subsequent described event,
circumstance or substituent may or may not occur, and that the description includes instances
where the event or circumstance occurs and instances where it does not.

[00241] The recitation of numerical ranges by endpoints includes al numbers and fractions
subsumed within the respective ranges, aswell asthe recited endpoints.

[00242]  The terms "about" or "approximately” asused herein when referring to a measurable
value such as a parameter, an amount, atemporal duration, and the like, are meant to encompass
variations of and from the specified value, such asvariations of +/-10% or less, +1-5% or less, +/-

1% or less, and +/-0.1% or less of and from the specified value, insofar such variations are

38



WO 2019/094984 PCT/US2018/060860

appropriate to perform in the disclosed invention. It isto be understood that the value to which
the modifier "about” or "approximately" refers is itself also specifically, and preferably,
disclosed.

[00243] Asused herein, a"biological sample" may contain whole cells and/or live cells and/or
cell debris. The biological sample may contain (or be derived from) a"bodily fluid". The present
invention encompasses embodiments wherein the bodily fluid is selected from amniotic fluid,
aqueous humour, vitreous humour, bile, blood serum, breast milk, cerebrospina fluid, cerumen
(earwax), chyle, chyme, endolymph, perilymph, exudates, feces, female gaculate, gastric acid,
gastric juice, lymph, mucus (including nasal drainage and phlegm), pericardial fluid, peritoneal
fluid, pleural fluid, pus, rheum, saliva, sebum (skin oil), semen, sputum, synovia fluid, sweat,
tears, urine, vagina secretion, vomit and mixtures of one or more thereof. Biological samples
include cell cultures, bodily fluids, cell cultures from bodily fluids. Bodily fluids may be
obtained from a mammal organism, for example by puncture, or other collecting or sampling
procedures.

[00244] The terms "subject,” "individual,” and "patient” are used interchangeably herein to
refer to avertebrate, preferably amammal, more preferably a human. Mammals include, but are
not limited to, murines, simians, humans, farm animals, sport animals, and pets. Tissues, cells
and their progeny of a biological entity obtained in vivo or cultured in vitro are aso
encompassed.

[00245] Theterm "cell state” refers to a specific state of the cell, such asbut not limited to an
activated cell, such as activated neuron or immune cell, resting cell, such as a resting neuron or
immune cell, adividing cell, quiescent cell, or acell during any stages of the cell cycle.

[00246] It is noted that in this disclosure and particularly in the claims and/or paragraphs,
terms such as "comprises', "comprised’, "comprising® and the like can have the meaning
attributed to it in U.S. Patent law; e.g., they can mean "includes’, "included”, "including", and
the like; and that terms such as "consisting essentially of and "consists essentially of have the
meaning ascribed to them in U.S. Patent law, e.g., they allow for elements not explicitly recited,
but exclude elements that are found inthe prior art or that affect abasic or novel characteristic of

the invention.

39



WO 2019/094984 PCT/US2018/060860

[00247] Theterm "developmental stage” refers to a stage of a cell that may include cell states
and may include stages of development from anew born cell to a mature cell, or maturation of a
progenitor undifferentiated cell, such as a stem cell, to amature cell and all stages in between.
[00248] The terms "dimensionality reduction" or "dimension reduction" refers to the process
of reducing the number of random variables under consideration, via obtaining a set
"uncorrelated” principle variables.

[00249] Theterm "metric" refers to amathematical function that associates area nonnegative
number analogous to distance with each pair of elements in a set such that the number is zero
only if the two elements are identical, the number isthe same regardless of the order in which the
two elements are taken, and the number associated with one pair of elements plus that associated
with one member of the pair and athird element isequal to or greater than the number associated
with the other member of the pair and the third element.

[00250] Various embodiments are described hereinafter. It should be noted that the specific
embodiments are not intended as an exhaustive description or as a limitation to the broader
aspects discussed herein. One aspect described in conjunction with a particular embodiment is
not necessarily limited to that embodiment and can be practiced with any other embodiment s).
Reference throughout this specification to "one embodiment”, "an embodiment,” "an example
embodiment,” means that a particular feature, structure or characteristic described in connection
with the embodiment is included in a least one embodiment of the present invention. Thus,
appearances of the phrases "in one embodiment,” "in an embodiment,” or "an example
embodiment” in various places throughout this specification are not necessarily all referring to
the same embodiment, but may. Furthermore, the particular features, structures or characteristics
may be combined in any suitable manner, aswould be apparent to aperson skilled in the art from
this disclosure, in one or more embodiments. Furthermore, while some embodiments described
herein include some but not other features included in other embodiments, combinations of
features of different embodiments are meant to be within the scope of the invention. For
example, in the appended claims, any of the clamed embodiments can be used in any
combination.

[00251]  All publications, published patent documents, and patent applications cited herein are

hereby incorporated by reference to the same extent as though each individual publication,
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published patent document, or patent application was specifically and individually indicated as
being incorporated by reference.

OVERVIEW

[00252] Itisan object of the present invention to provide for devices and methods to allow for
comprehensive analysis of gene expression in single cells obtained from heterogeneous tissues. It
is another object of the present invention to identify and characterize different cell types,
subtypes and cell states in a heterogeneous tissue. It isafurther object of the present invention to
provide methods of determining the spatial location of cell types. It is another object of the
present invention to determine gene expression in cell populations based on developmental
stages. The present invention advantageously provides for improved methods of determining
gene expression of single cells in heterogeneous cell populations by isolating single nuclei from
cells and sequencing RNA molecules. Cells may further be stained, such that cells of a single cell
type and developmental stage are determined. It is further object of the present invention to
provide a device or system for high throughput anaysis of single nuclei. It is another object of
the present invention to provide for high resolution temporal maps based on gene expression
profiles.

[00253] Embodiments disclosed herein provide methods of producing a temporally phased
single-cell sequencing library or determining an expression profile for a neurogenic cell
comprising cells aong a continuous tragectory of adult neurogenesis. To study adult
neurogenesis in an unbiased manner, Applicants developed Div-Seq, a method to analyze single
nuclei from recently dividing cells. Div-Seq relies on two advances. Here, Applicants developed
Div-Seq, which combines Nuc-Seq, a scalable single nucleus RNA-Seq method, with EdU-
mediated labeling of proliferating cells. Applicants first show that Nuc-Seq can sensitively
identify closely related cell types within the adult hippocampus. Applicants apply Div-Seq to
track transcriptional dynamics of newborn neurons in an adult neurogenic region in the
hippocampus. Finaly, Applicants find rare adult newborn GABAergic neurons in the spinal
cord, anon-canonical neurogenic region. Taken together, Nuc-Seq and Div-Seq open the way for
unbiased analysis of any complex tissue. Applicants apply Div-Seq to identify and profile rare
newborn GABAergic neurons in the adult spinal cord, a non-canonical neurogenic region. sNuc-

Seq and Div-Seq allow for unbiased analysis of diverse complex tissues.
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METHODS OF PRODUCING A SINGLE-CELL SEQUENCING LIBRARY AND
DETERMINING AN EXPRESSION PROFILE

[00254] In some embodiments, the invention provides methods of producing a temporaly
phased single-cell sequencing library comprising cells along a continuous trgjectory of adult
neurogenesis. The method may comprise treating more than one population of neurogenic cells
of a single cell type or subtype, or optionally a heterogeneous cell type, with a nucleoside
analogue, wherein the nucleoside analogue is incorporated into replicating DNA and is
configured for labeling with a detectable marker; isolating a first population of neurogenic cells
a one time point and isolating & least one other population of neurogenic cells & alater time
point, optionally, isolating single nuclei from the isolated populations of neurogenic cells;
staining the nucleoside analogue incorporated into replicated DNA with the detectable marker
within each population of neurogenic cells or single nuclei isolated from each population of
neurogenic cells, wherein the DNA is stained with the detectable marker; sorting the stained
and/or unstained neurogenic cells or optionally, sorting the stained and/or unstained single nuclel
into separate reaction vessels, and sequencing the RNA from the sorted single neurogenic cells
or optionally, sorted single nuclei, whereby single cell gene expression data is obtained for
neurogenic cells a different stages of neurogenesis.

[00255] The invention aso provides a method of determining an expression profile for a
neurogenic cell along a continuous trajectory of adult neurogenesis comprising: treating more
than one population of neurogenic cells of a single cell type or subtype, or optionaly a
heterogeneous cell type, with a nucleoside analogue, wherein the nucleoside analogue is
incorporated into replicating DNA and is configured for labeling with a detectable marker;
isolating afirst population of neurogenic cells a one time point and isolating a least one other
population of neurogenic cells a a later time point, optionally, isolating single nuclel from the
isolated populations of cells; staining the nucleoside analogue incorporated into replicated DNA
with the detectable marker within each population of neurogenic cells or single nuclei isolated
from each population of neurogenic cells, wherein the DNA is stained with the detectable
marker; sorting the stained and/or unstained neurogenic cells or optionally, sorting the stained
and/or unstained single nuclel into separate reaction vessels, sequencing the RNA from the
sorted single neurogenic cells or optionally, sorted single nuclei, whereby single cell gene

expression data is obtained for neurogenic lineage cells a different stages of maturation; and
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determining an expression profile for each identified cell or cell sub-type based on the gene
expression data.
Single Cell Sequencing

[00256] In one embodiment, single cell or single nuclel analysis is performed by digital

polymerase chain reactions (PCR), e.g., Fluidigm C. Digital polymerase chain reaction (digital
PCR, DigitalPCR, dPCR, or dePCR) is arefinement of conventional polymerase chain reaction
methods that can be used to directly quantify and clonally amplify nucleic acids including DNA,
cDNA or RNA. The key difference between dPCR and traditional PCR lies in that PCR carries
out one reaction per single sample and dPCR carries out a single reaction within samples
separated into alarge number of partitions wherein the reactions are carried out in each partition
individually. A sample is partitioned so that individual nucleic acid molecules within the sample
are localized and concentrated within many separate regions. The capture or isolation of
individual nucleic acid molecules may be effected in micro well plates, capillaries, the dispersed
phase of an emulsion, and arrays of miniaturized chambers, aswell as on nucleic acid binding
surfaces.

[00257] In a preferred embodiment, single cell or single nuclei analysis is performed using
microfluidics. Microfluidics involves micro-scale devices that handle small volumes of fluids.
Because microfluidics may accurately and reproducibly control and dispense small fluid
volumes, in particular volumes less than 1 pi, application of microfluidics provides significant
cost-savings. The use of microfluidics technology reduces cycle times, shortens time-to-results,
and increases throughput. Furthermore, incorporation of microfluidics technology enhances
system integration and automation. Microfluidic reactions are generally conducted in
microdroplets. The ability to conduct reactions in microdroplets depends on being able to merge
different sample fluids and different microdroplets. See, eg., US Patent Publication No.
20120219947 and PCT publication No.WO20 14085802 A | .

[00258] Droplet microfluidics offers significant advantages for performing high-throughput
screens and sensitive assays. Droplets allow sample volumes to be significantly reduced, leading
to concomitant reductions in cost. Manipulation and measurement at kilohertz speeds enable up
to 108 samples to be screened in a single day. Compartmentalization in droplets increases assay
sensitivity by increasing the effective concentration of rare species and decreasing the time

required to reach detection thresholds. Droplet microfluidics combines these powerful features to
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enable currently inaccessible high-throughput screening applications, including single-cell and
single-molecule assays. See, e.g., Guo & al., Lab Chip, 2012,12, 2146-2155.

[00259] In certain embodiments, the invention involves plate based single cell RNA
sequencing (see, e.g., Picdli, s. e a., 2014, "Full-length RNA-seq from single cells using
Smart-seq2" Nature protocols 9, 171-181, doi:10.1038/nprot.2014.006).

[00260] In certain embodiments, the invention involves high-throughput single-cell RNA-seq
and/or targeted nucleic acid profiling (for example, sequencing, quantitative reverse transcription
polymerase chain reaction, and the like) where the RNAs from different cells are tagged
individually, alowing asingle library to be created while retaining the cell identity of each read.
In this regard reference is made to Macosko e a., 2015, "Highly Paralel Genome-wide
Expression Profiling of Individual Cells Using Nanoliter Droplets’ Cell 161, 1202-1214;
International patent application number PCT/US20 15/049178, published as WO20 16/040476 on
March 17, 2016; Klein et a., 2015, "Droplet Barcoding for Single-Cell Transcriptomics Applied
to Embryonic Stem Cells' Cell 161, 1187-1201; International patent application number
PCT/US20 16/027734, published as W02016168584A1 on October 20, 2016; Zheng, e 4.,
2016, "Haplotyping germline and cancer genomes with high-throughput linked-read sequencing”
Nature Biotechnology 34, 303-311; Zheng, e a. 2017, "Massively paralel digita
transcriptional profiling of single cells' Nat. Commun. 8, 14049 doi: 10.1038/ncommsl4049;

International patent publication number WO 2014210353 A2; Zilionis, et a., 2017, "Single-cell
barcoding and sequencing using droplet microfluidics’ Nat Protoc. Jan;12(1):44-73; Cao e 4.,
2017, "Comprehensive single cell transcriptional profiling of a multicellular organism by
combinatorial  indexing" bioRxiv preprint first posted online Feb. 2, 2017, doi:
dx.doi.org/10. 1101/104844; and Rosenberg et al., 2017, "Scaling single cell transcriptomics
through split pool barcoding” bioRxiv preprint first posted online Feb. 2, 2017, doi:
dx.doi.org/10. 1101/105163, dl the contents and disclosure of each of which are herein
incorporated by reference in their entirety.

[00261] In certain embodiments, the invention involves single nucleus RNA sequencing. In
this regard reference ismade to Swiech et a., 2014, "In vivo interrogation of gene function in the
mammalian brain using CRISPR-Cas9" Nature Biotechnology Vol. 33, pp. 102-106; and Habib
et a., 2016, "Div-Seq: Single-nucleus RNA-Seq reveals dynamics of rare adult newborn

44



WO 2019/094984 PCT/US2018/060860

neurons' Science, Vol. 353, Issue 6302, pp. 925-928, both of which are herein incorporated by
reference in their entirety.

[00262] The manipulation of fluids to form fluid streams of desired configuration,
discontinuous fluid streams, droplets, particles, dispersions, etc., for purposes of fluid delivery,
product manufacture, analysis, and the like, isarelatively well-studied art. Microfluidic systems
have been described in avariety of contexts, typicaly in the context of miniaturized laboratory
(e.g., clinical) analysis. Other uses have been described aswell. For example, WO 2001/89788;
WO 2006/040551 ; U.S. Patent Application Publication No. 2009/0005254; WO 2006/040554;
U.S. Patent Application Publication No. 2007/0184489; WO 2004/002627; U.S. Patent No.
7,708,949; WO 2008/063227; U.S. Patent Application Publication No. 2008/0003142; WO
2004/091763; U.S. Patent Application Publication No. 2006/0163385; WO 2005/021 151 ; U.S.
Patent Application Publication No. 2007/0003442; WO 2006/096571 ; U.S. Patent Application
Publication No. 2009/0131543; WO 2007/089541; U.S. Patent Application Publication No.
2007/0195127; WO 2007/081385; U.S. Patent Application Publication No. 2010/0137163; WO
2007/133710; U.S. Patent Application Publication No. 2008/0014589; U.S. Patent Application
Publication No. 2014/0256595; and WO 201 1/079176. In a preferred embodiment single cell
analysis is performed in droplets using methods according to WO 2014085802. Each of these
patents and publications isherein incorporated by reference in their entireties for all purposes.
[00263] Single cells or nuclei may be sorted into separate vessels by dilution of the sample
and physical movement, such as micromanipulation devices or pipetting. A computer controlled
machine may control pipetting and separation.

[00264] Single cells or single nuclei of the present invention may be divided into single
droplets using a microfluidic device. The single cells or nuclei in such droplets may be further
labeled with abarcode. In this regard reference ismade to Macosko et al., 2015, "Highly Parallel
Genome-wide Expression Profiling of Individua Cells Using Nanoliter Droplets’ Cell 161,
1202-1214 and Klein et a., 2015, "Droplet Barcoding for Single-Cell Transcriptomics Applied
to Embryonic Stem Cells" Cell 161, 1187-1201 all the contents and disclosure of each of which
are herein incorporated by reference in their entirety. Not being bound by a theory, the volume
size of an aliquot within adroplet may be as small as 1fL.

[00265] The present invention may include barcoding. Barcoding may be performed based on
any of the compositions or methods disclosed in patent publication WO 2014047561 Al,
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Compositions and methods for labeling of agents, incorporated herein in its entirety. Not being
bound by atheory, amplified sequences from single cells or nuclel can be sequenced together
and resolved based on the barcode associated with each cell or nuclel.

[00266] The term "barcode" as used herein, refers to any unique, non-naturally occurring,
nucleic acid sequence that may be used to identify the originating source of a nucleic acid
fragment. Such barcodes may be sequences including but not limited to, TTGAGCCT (SEQ ID
NO:l), AGTTGCTT (SEQ ID NO: 2), CCAGTTAG (SEQ ID NO: 3), ACCAACTG (SEQ ID
NO:4), GTATAACA (SEQ ID NO: 5) or CAGGAGCC (SEQ ID NO: 6). Although it is not
necessary to understand the mechanism of an invention, it isbelieved that the barcode sequence
provides a high-quality individual read of a barcode associated with a vira vector, labeling
ligand, shRNA, sgRNA, cDNA, cel or nuclei, such that multiple species can be sequenced
together.

[00267] DNA barcoding is aso ataxonomic method that uses a short genetic marker in an
organism's DNA to identify it as belonging to a particular species. It differs from molecular
phylogeny in that the main goal is not to determine classification but to identify an unknown
sample in terms of a known classification. Kress et a., "Use of DNA barcodes to identify
flowering plants’ Proc. Natl. Acad. Sci. U.SA. 102(23):8369-8374 (2005). Barcodes are
sometimes used in an effort to identify unknown species or assess whether species should be
combined or separated. Koch H., "Combining morphology and DNA barcoding resolves the
taxonomy of Western Malagasy Liotrigona Moure, 1961" African Invertebrates 51(2): 413-421
(2010); and Seberg et a., "How many loci does it take to DNA barcode a crocus?' PL0OS One
4(2):e4598 (2009). Barcoding has been used, for example, for identifying plant leaves even when
flowers or fruit are not available, identifying the diet of an animal based on stomach contents or
feces, and/or identifying products in commerce (for example, herbal supplements or wood).
Soininen et al., "Anaysing diet of small herbivores: the efficiency of DNA barcoding coupled
with high-throughput pyrosequencing for deciphering the composition of complex plant
mixtures' Frontiers in Zoology 6:16 (2009).

[00268] It has been suggested that a desirable locus for DNA barcoding should be
standardized so that large databases of sequences for that locus can be developed. Most of the
taxa of interest have loci that are sequencable without species-specific PCR primers. CBOL Plant
Working Group, "A DNA barcode for land plants® PNAS 106(31): 12794-12797 (2009).
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Further, these putative barcode loci are believed short enough to be easily sequenced with
current technology. Kress et al., "DNA barcodes: Genes, genomics, and bioinformatics® PNAS
105(8):2761-2762 (2008). Consequently, these loci would provide a large variation between
species in combination with arelatively small amount of variation within a species. Lahaye et
a., "DNA barcoding the floras of biodiversity hotspots’ Proc Natl Acad Sci USA 105(8):2923-
2928 (2008).

[00269] DNA barcoding isbased on arelatively simple concept. For example, most eukaryote
cells contain mitochondria, and mitochondrial DNA (mtDNA) has arelatively fast mutation rate,
which results in significant variation in mtDNA sequences between species and, in principle, a
comparatively small variance within species. A 648-bp region of the mitochondrial cytochrome c
oxidase subunit 1 (COI) gene was proposed as a potential 'barcode’. As of 2009, databases of
COIl sequences included at least 620,000 specimens from over 58,000 species of animals, larger
than databases available for any other gene. Ausubel, J., "A botanical macroscope" Proceedings
of the National Academy of Sciences 106(31): 12569 (2009).

[00270]  Software for DNA barcoding requires integration of afield information management
system (FIMS), laboratory information management system (LIMS), sequence analysis tools,
workflow tracking to connect field data and laboratory data, database submission tools and
pipeline automation for scaling up to eco-system scale projects. Geneious Pro can be used for the
sequence analysis components, and the two plugins made freely available through the Moorea
Biocode Project, the Biocode LIMS and Genbank Submission plugins handle integration with
the FIMS, the LIMS, workflow tracking and database submission.

[00271]  Additionaly, other barcoding designs and tools have been described (see e.g., Birrell
et al., (2001) Proc. Natl Acad. Sci. USA 98, 12608-12613; Giaever, et a., (2002) Nature 418,
387-391; Winzeler et a., (1999) Science 285, 901-906; and Xu et al., (2009) Proc Natl Acad
Sci U SA. Feb 17;106(7):2289-94). In one embodiment, the invention provides a method for
preparing uniquely barcoded particles. Unique barcoded particles may be generated by a split
pool method.

[00272]  Single cells or single nuclel may be diluted into aphysical multi-well plate or a plate
free environment. The multi-well assay modules (e.g., plates) may have any number of wells
and/or chambers of any size or shape, arranged in any pattern or configuration, and be composed

of avariety of different materials. Preferred embodiments of the invention are multi-well assay
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plates that use industry standard multi-well plate formats for the number, size, shape and
configuration of the plate and wells. Examples of standard formats include 96-, 384-, 1536- and
9600-well plates, with the wells configured in two-dimensional arrays. Other formats include
single well, two well, six well and twenty-four well and 6144 well plates. Plate free
environments of the present invention utilize a single polymerizable gel containing
compartmentalized cells or single nuclel. In one embodiment, extraction of single cells or single
nuclel may be by a mechanical punch. Single cells or single nuclei may be visualized in the gel
before a punch.

[00273] In one embodiment, to ensure proper staining of intracellular and intranuclear
proteins and nucleic acids single cells or nuclei are embedded in hydrogel droplets. Not being
bound by atheory, the hydrogel mesh provides a physica framework, chemically incorporates
biomolecules and is permeable to macromolecules such as antibodies (Chung et a., (2013).
Structural and molecular interrogation of intact biological systems. Nature 497, 332-337). In one
embodiment, to further improve permeability and staining efficiency, lipids are cleared (Chung
et a., 2013). Not being bound by a theory, the clearance of the lipids and the porosity of the
hydrogel allow for more efficient washing. This higher accuracy of measurement isimportant for
the high multiplex measurements and computational inference of regulatory mechanisms.

[00274] In one embodiment, the nucleic acids of single cells or nuclel are crosslinked to
prevent loss of nucleic acids. Not being bound by atheory, leakage of mMRNA from nuclei may
be prevented by crosslinking. Nucleic acids can be reverse cross-linked after separation of cells
or nuclel into separate wells or droplets. The contents of individual wells or droplets may then be
sequenced. In one embodiment, crosslinking may be reversed by incubating the cross-linked
sample in high salt (approximately 200 mM NaCl) at 65°C for at least 4h.

[00275] The invention provides a nucleotide- or oligonucleotide-adorned bead wherein said
bead comprises: alinker; an identical sequence for use as a sequencing priming site; auniform or
near-uniform nucleotide or oligonucleotide sequence; a Unique Molecular Identifier which
differs for each priming site; optionally an oligonucleotide redundant sequence for capturing
polyadenylated mRNAs and priming reverse transcription; and optionally a least one other
oligonucleotide barcode which provides an additional substrate for identification.

[00276] In an embodiment of the invention, the nucleotide or oligonucleotide sequences on

the surface of the bead isamolecular barcode. In afurther embodiment the barcode ranges from
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4 to 1000 nucleotides in length. In another embodiment, the oligonucleotide sequence for
capturing polyadenylated mRNAs and priming reverse transcription isan oligo dT sequence.
[00277] In an embodiment of the invention, the linker is a non-cleavable, straight-chain
polymer. In another embodiment, the linker is a chemically-cleavable, straight-chain polymer.
In a further embodiment, the linker is a non-cleavable, optionally substituted hydrocarbon
polymer. In another embodiment, the linker is a photolabile optionally substituted hydrocarbon
polymer. In another embodiment, the linker is a polyethylene glycol. In an embodiment, the
linker isaPEG-C3 to PEG-24.

[00278] The invention provides a mixture comprising a pluraity of nucleotide- or
oligonucleotide- adorned beads, wherein said beads comprises. a linker; an identical sequence
for use as a sequencing priming site; a uniform or near-uniform nucleotide or oligonucleotide
sequence; a Unique Molecular Identifier (UMI) which differs for each priming site; an
oligonucleotide redudant sequence for capturing polyadenylated mRNAs and priming reverse
transcription; and optionally at least one additional oligonucleotide sequences, which provide
substrates for downstream molecular-biological reactions, wherein the uniform or near-uniform
nucleotide or oligonucleotide sequence isthe same across all the priming sites on any one bead,
but varies among the oligonucleotides on an individual bead.

[00279] In an embodiment of the invention, the nucleotide or oligonucleotide sequence on the
surface of the bead isamolecular barcode. In afurther embodiment the barcode ranges from 4 to
1000 nucleotides in length. In another embodiment, the oligonucleotide sequence for capturing
polyadenylated mRNAs and priming reverse transcription isan oligo dT sequence.

[00280] In an embodiment of the invention, the mixture comprises & least one oligonucleotide
sequence, which provides for substrates for downstream molecular-biological reactions. In
another embodiment, the downstream molecular biological reactions are for reverse transcription
of mature mRNAS, capturing specific portions of the transcriptome, priming for DNA
polymerases and/or similar enzymes; or priming throughout the transcriptome or genome. In an
embodiment of the invention, the additional oligonucleotide sequence comprises a oligio-dT
sequence. In another embodiment of the invention, the additional oligonucleotide sequence
comprises a primer sequence. In an embodiment of the invention, the additional oligonucleotide

sequence comprises aoligio-dT sequence and a primer sequence.
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[00281] The invention provides an error-correcting barcode bead wherein said bead
comprises: a linker; an identical sequence for use as a sequencing priming site; a uniform or
near-uniform nucleotide or oligonucleotide sequence which comprises at least a nucleotide base
duplicate; a Unique Molecular Identifier which differs for each priming site; and an
oligonucleotide redudant for capturing polyadenylated mRNAs and priming reverse
transcription.

[00282] In an embodiment of the invention, the error-correcting barcode beads fail to
hybridize to the mRNA thereby failing to undergo reverse transcription.

[00283] Theinvention also provides akit which comprises amixture of oligonucleotide bound
beads and self-correcting barcode beads.

[00284] The invention provides a method for creating a single-cell sequencing library
comprising: merging one uniquely barcoded RNA capture microbead with a single-cell in an
emulsion droplet having a diameter from 50 um to 210 pm; lysing the cell thereby capturing the
RNA on the RNA capture microbead; breaking droplets and pooling beads in solution;
performing areverse transcription reaction to convert the cells RNA to first strand cDNA that is
covaently linked to the RNA capture microbead; or conversely reverse transcribing within
droplets and thereafter breaking droplets and collecting cDNA-attached beads, preparing and
sequencing a single composite RNA-Seq library, containing cell barcodes that record the cell-of-
origin of each RNA, and molecular barcodes that distinguish anong RNAs from the same cell.
[00285] In another aspect, the present invention provides for a method for creating a
composite single nuclel sequencing library comprising: merging one uniquely barcoded RNA
capture microbead with a single nuclei in an emulsion droplet having a diameter from 50 um to
210 pm, wherein the single nuclel is blocked with a nuclear pore blocking polymer; extracting
MRNA onto on the RNA capture microbead; performing a reverse transcription reaction to
convert the mRNA to first strand cDNA that is covalently linked to the RNA capture microbead;
or conversely reverse transcribing within droplets and thereafter breaking droplets and collecting
cDNA-attached beads, preparing and sequencing a single composite RNA-Seq library,
containing cell barcodes that record the cell-of-origin of each RNA, and unique molecular

identifiers (UMI) that distinguish among RNASs from the same cell.
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[00286] In an embodiment the diameter of the emulsion droplet is between 50-210 win. In a
further embodiment, the method wherein the diameter of the mRNA capture microbeads is from
10 win to 95 win. In afurther embodiment the diameter of the emulsion droplet is90 uin.

[00287] The invention provides a method for preparing a plurality of beads with unique
nucleic acid sequences comprising: performing polynucleotide synthesis on the surface of the
plurality of beads in a pool-and-split process, such that in each cycle of synthesis the beads are
split into a plurality of subsets wherein each subset is subjected to different chemical reactions;
repeating the pool-and-split process from anywhere from 2 cycles to 200 cycles.

[00288] In an embodiment of the invention the polynucleotide synthesis is phosphoramidite
synthesis. In another embodiment of the invention the polynucleotide synthesis is reverse
direction phosphoramidite chemistry. In an embodiment of the invention, each subset is
subjected to a different nucleotide. In another embodiment, each subset is subjected to a
different canonical nucleotide. In an embodiment of the invention the method is repeated three,
four, or twelve times.

[00289] In an embodiment the covalent bond is polyethylene glycol. In another embodiment
the diameter of the mRNA capture microbeads is from 10 wn to 95 wn. In an embodiment,
wherein the multiple steps istwelve steps.

[00290] In a further embodiment the method further comprises a method for preparing
uniquely barcoded mRNA capture microbeads, which has a unique barcode and diameter
suitable for microfluidic devices comprising: 1) performing reverse phosphoramidite synthesis
on the surface of the bead in a pool-and-split fashion, such that in each cycle of synthesis the
beads are split into four reactions with one of the four canonical nucleotides (T, C, G, or A); 2)
repeating this process alarge number of times, at least six, and optimally more than twelve, such
that, in the latter, there are more than 16 million unique barcodes on the surface of each bead in
the pool.

[00291] In an embodiment, the diameter of the mRNA capture microbeads isfrom 10 wn to
95 wn.

[00292] The invention provides a method for simultaneously preparing a plurality of
nucleotide- or oligonucleotide-adorned beads wherein a uniform, near-uniform, or patterned
nucleotide or oligonucleotide sequence is synthesized upon any individual bead while vast

numbers of different nucleotide or oligonucleotide sequences are simultaneously synthesized on
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different beads, comprising: forming a mixture comprising a plurality of beads, separating the
beads into subsets; extending the nucleotide or oligonucleotide sequence on the surface of the
beads by adding an individual nucleotide via chemical synthesis; pooling the subsets of beads in
(c) into a single common pool; repeating steps (b), (c) and (d) multiple times to produce a
combinatorially athousand or more nucleotide or oligonucleotide sequences, and collecting the
nucleotide- or oligonucleotide-adorned beads.

[00293] In an embodiment of the invention, the nucleotide or oligonucleotide sequence on the
surface of the bead is amolecular barcode. In afurther embodiment, the pool-and-split synthesis
steps occur every 2-10 cycles, rather than every cycle.

[00294] In an embodiment of the invention, the barcode contains built-in error correction. In
another embodiment, the barcode ranges from 4 to 1000 nucleotides in length. In embodiment of
the invention the polynucleotide synthesis is phosphoramidite synthesis. In a further
embodiment, the polynucleotide synthesis isreverse direction phosphoramidite chemistry. In an
embodiment of the invention each subset is subjected to a different nucleotide. In a further
embodiment, one or more subsets receive a cocktail of two nucleotides. 1n an embodiment, each
subset is subjected to a different canonical nucleotide.

[00295] The method provided by the invention contemplates a variety of embodiments
wherein the bead is a microbead, a nanoparticle, or a macrobead. Similarly, the invention
contemplates that the oligonucleotide sequence isa dinucleotide or trinucleotide.

[00296] The invention provides a method for simultaneously preparing a thousand or more
nucleotide- or oligonucleotide-adorned beads wherein a uniform or near-uniform nucleotide or
oligonucleotide sequence is synthesized upon any individual bead while a plurality of different
nucleotide or oligonucleotide sequences are simultaneously synthesized on different beads,
comprising: forming amixture comprising aplurality of beads, separating the beads into subsets;
extending the nucleotide or oligonucleotide sequence on the surface of the beads by adding an
individual nucleotide via chemical synthesis, pooling the subsets of beads in (c) into a single
common pool; repeating steps (b), (c) and (d) multiple times to produce a combinatorically large
number of nucleotide or oligonucleotide sequences, and collecting the nucleotide- or
oligonucleotide-adorned beads, performing polynucleotide synthesis on the surface of the

plurality of beads in a pool-and-split synthesis, such that in each cycle of synthesis the beads are
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split into a plurality of subsets wherein each subset is subjected to different chemical reactions;
repeating the pool-and-split synthesis multiple times.

[00297] In an embodiment of the invention, the nucleotide or oligonucleotide sequence on the
surface of the bead isamolecular barcode. In an embodiment, the pool-and-split synthesis steps
occur every 2 to 10 cycles, rather than every cycle. In an embodiment, the generated barcode
contains built-in error correction. In another embodiment, the barcode ranges from 4 to 1000
nucleotides in length. In embodiment of the invention the polynuclectide synthesis is
phosphoramidite synthesis. In a further embodiment, the polynucleotide synthesis is reverse
direction phosphoramidite chemistry. In an embodiment of the invention each subset is
subjected to a different nucleotide. In a further embodiment, one or more subsets receive a
cocktail of two nucleotides. In an embodiment, each subset is subjected to a different canonical
nucleotide.

[00298] The method provided by the invention contemplates a variety of embodiments
wherein the bead is a microbead, a nanoparticle, or a macrobead. Similarly, the invention
contemplates that the oligonucleotide sequence isa dinucleotide or trinucleotide.

[00299] The invention further provides an apparatus for creating a composite single-cell
sequencing library via a microfluidic system, comprising: an oil-surfactant inlet comprising a
filter and two carrier fluid channels, wherein said carrier fluid channel further comprises a
resistor; an inlet for an analyte comprising a filter and two carrier fluid channels, wherein said
carrier fluid channel further comprises a resistor; an inlet for mRNA capture microbeads and
lysis reagent comprising a carrier fluid channel; said carrier fluid channels have a carrier fluid
flowing therein & an adjustable and predetermined flow rate; wherein each said carrier fluid
channels merge a ajunction; and said junction being connected to a constriction for droplet
pinch-off followed by amixer, which connects to an outlet for drops.

[00300] In an embodiment of the apparatus, the anayte comprises a chemical reagent, a
genetically perturbed cell, aprotein, adrug, an antibody, an enzyme, anucleic acid, an organelle
like the mitochondrion or nucleus, a cell or any combination thereof. In an embodiment of the
apparatus the analyte is a cell. In a further embodiment, the analyte is a mammalian cell. In
another embodiment, the analyte of the apparatus is complex tissue. In a further embodiment,

the ceall isabrain cel. In an embodiment of the invention, the cell is aretina cell. In another
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embodiment the cell isahuman bone marrow cell. 1n an embodiment, the cell is ahost-pathogen
cell. In an embodiment, the analyte isanucleus from acell.

[00301] In an embodiment of the apparatus the lysis reagent comprises an anionic surfactant
such as sodium lauroyl sarcosinate, or a chaotropic salt such as guanidinium thiocyanate. In an
embodiment of the apparatus the filter is consists of square PDMS posts; the filter on the cell
channel consists of such posts with sides ranging between 125-135 pm with a separation of 70-
100 mm between the posts. The filter on the oil-surfactant inlet comprises square posts of two
sizes, one with sides ranging between 75-100 ym and a separation of 25-30 um between them
and the other with sides ranging between 40-50 ym and a separation of 10-15 pm. In an
embodiment of the apparatus the resistor is serpentine having alength of 7000 - 9000 prm, width
of 50 - 75 pm and depth of 100 - 150 mm. In an embodiment of the apparatus the channels have
alength of 8000 - 12,000 wn for oil-surfactant inlet, 5000- 7000 for analyte (cell) inlet, and 900
- 1200 pm for the inlet for microbead and lysis agent. All channels have a width of 125 - 250
mm, and depth of 100 - 150 mm. In another embodiment, the width of the cell channedl is 125-
250 pm and the depth is 100-150 um. In an embodiment of the apparatus the mixer has alength
of 7000-9000 win, and a width of 110-140 wn with 35-45° zig-zigs every 150 win. In an
embodiment, the width of the mixer is 125 pm. In an embodiment of the apparatus the oil-
surfactant is PEG Block Polymer, such as BIORAD™ QX200 Droplet Generation Oil. In an
embodiment of the apparatus the carrier fluid iswater-glycerol mixture.

[00302] A mixture comprising a plurality of microbeads adorned with combinations of the
following elements. bead-specific oligonucleotide barcodes created by the methods provided;
additional oligonucleotide barcode sequences which vary among the oligonucleotides on an
individual bead and can therefore be used to differentiate or help identify those individual
oligonucleotide molecules;, additional oligonucleotide sequences that create substrates for
downstream molecular-biological reactions, such as oligo-dT (for reverse transcription of mature
MRNAS), specific sequences (for capturing specific portions of the transcriptome, or priming for
DNA polymerases and similar enzymes), or random sequences (for priming throughout the
transcriptome or genome). In an embodiment, the individual oligonucleotide molecules on the
surface of any individua microbead contain all three of these elements, and the third element

includes both oligo-dT and aprimer sequence.
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[00303] In another embodiment, a mixture comprising a plurality of microbeads, wherein said
microbeads comprise the following elements: at least one bead-specific oligonucleotide barcode
obtainable by the process outlined; at least one additional identifier oligonucleotide barcode
sequence, which varies among the oligonucleotides on an individual bead, and thereby assisting
in the identification and of the bead specific oligonucleotide molecules; optionaly at least one
additional oligonucleotide sequences, which provide substrates for downstream molecular-
biological reactions. In another embodiment the mixture comprises at least one oligonucleotide
sequences, which provide for substrates for downstream molecular-biological reactions. In a
further embodiment the downstream molecular biological reactions are for reverse transcription
of mature mMRNAs; capturing specific portions of the transcriptome, priming for DNA
polymerases and/or similar enzymes, or priming throughout the transcriptome or genome. In a
further embodiment the mixture the additional oligonucleotide sequence comprising a oligio-dT
sequence. In another embodiment the mixture further comprises the additional oligonucleotide
sequence comprises aprimer sequence. In another embodiment the mixture further comprises the
additional oligonucleotide sequence comprising aoligio-dT sequence and a primer sequence.
[00304] Examples of the labeling substance which may be employed include labeling
substances known to those skilled in the art, such as fluorescent dyes, enzymes, coenzymes,
chemiluminescent  substances, and radioactive substances. Specific examples include
radioisotopes (e.g., 32P, 14C, 1251, 3H, and 1311), fluorescein, rhodamine, dansyl chloride,
umbelliferone, luciferase, peroxidase, akaline phosphatase, [-galactosidase, [3-glucosidase,
horseradish peroxidase, glucoamylase, lysozyme, saccharide oxidase, microperoxidase, biotin,
and ruthenium. In the case where biotin is employed as a labeling substance, preferably, after
addition of a biotin-labeled antibody, streptavidin bound to an enzyme (e.g., peroxidase) is
further added.

[00305] Advantageously, the label is a fluorescent label. Examples of fluorescent labels

include, but are not limited to, Atto dyes, 4-acetamido-4'-isothiocyanatostilbene-2,2'disulfonic

acid; acridine and derivatives: acridine, acridine isothiocyanate; 5-(2-
aminoethyl)aminonaphthalene-l  -sulfonic acid (EDANS); 4-amino-N-[3-
vinylsulfonyl)phenyl]naphthalimide-3,5 disulfonate; N-(4-anilino-1-naphthyl)maleimide;

anthranilamide; BODIPY; Brilliant Yellow; coumarin and derivatives, coumarin, 7-amino-4-

methylcoumarin  (AMC, Coumarin 120), 7-amino-4-trifluoromethylcouluarin  (Coumaran 151);
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cyanine dyes, cyanosine; 4',6-diaminidino-2-phenylindole (DAPI); 55"-dibromopyrogallol-
sulfonaphthalein ~ (Bromopyrogallol Red);  7-diethylamino-3-(4'-isothiocyanatophenyl)-4-
methylcoumarin; diethylenetriamine pentaacetate; 4,4'-diisothiocyanatodihydro-stilbene-2,2'-
disulfonic acid; 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid; 5-
[dimethylamino]naphthalene-I-sulfonyl chloride (DNS, dansylchloride); 4-
dimethylaminophenylazophenyl-4'-isothiocyanate (DABITC); eosin and derivatives; eosin, eosin
isothiocyanate, erythrosin and derivatives, erythrosin B, erythrosin, isothiocyanate; ethidium;
fluorescein  and  derivatives;  5-carboxyfluorescein (FAM),  5-(4,6-dichlorotriazin-2-
yl)aminofluorescein  (DTAF), 2',7'-dimethoxy-4'5'-dichloro-6-carboxyfluorescein,  fluorescein,
fluorescein isothiocyanate, QFITC, (XRITC); fluorescamine; 1R144; 1R1446; Malachite Green
isothiocyanate;  4-methylumbelliferoneortho  cresolphthalein;  nitrotyrosine;  pararosaniline;
Phenol Red; B-phycoerythrin; o-phthaldialdehyde; pyrene and derivatives. pyrene, pyrene
butyrate, succinimidyl 1-pyrene; butyrate quantum dots; Reactive Red 4 (Cibacron.TM. Brilliant
Red 3B-A) rhodamine and derivatives: 6-carboxy-X-rhodamine (ROX), 6-carboxyrhodamine
(R6G), lissamine rhodamine B sulfonyl chloride rhodamine (Rhod), rhodamine B, rhodamine
123, rhodamine X isothiocyanate, sulforhodamine B, sulforhodamine 101, sulfonyl chloride
derivative of sulforhodamine 101 (Texas Red); N,N,N'N' tetramethyl-6-carboxyrhodamine
(TAMRA); tetramethyl rhodamine; tetramethyl rhodamine isothiocyanate (TRITC); riboflavin;
rosolic acid; terbium chelate derivatives; Cy3; Cy5; Cy5.5; Cy7; IRD 700; IRD 800; La Jolta
Blue; phthalo cyanine; and naphthalo cyanine.

[00306] The fluorescent label may be a fluorescent protein, such as blue fluorescent protein,
cyan fluorescent protein, green fluorescent protein, red fluorescent protein, yellow fluorescent
protein or any photoconvertible protein. Colormetric labeling, bioluminescent labeling and/or
chemiluminescent labeling may further accomplish labeling. Labeling further may include
energy transfer between molecules in the hybridization complex by perturbation analysis,
guenching, or electron transport between donor and acceptor molecules, the latter of which may
be facilitated by double stranded match hybridization complexes. The fluorescent label may be a
perylene or aterrylen. Inthe alternative, the fluorescent label may be afluorescent bar code.
[00307] In an advantageous embodiment, the label may be light sensitive, wherein the label is

light-activated and/or light cleaves the one or more linkers to release the molecular cargo. The
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light-activated molecular cargo may be a major light-harvesting complex (LHCII). In another
embodiment, the fluorescent label may induce free radical formation.

[00308] In an advantageous embodiment, agents may be uniquely labeled in a dynamic
manner (see, eg., US provisional patent application serial no. 61/703,884 filed September 21,
2012). The unique labels are, at least in part, nucleic acid in nature, and may be generated by
sequentially attaching two or more detectable oligonucleotide tags to each other and each unique
label may be associated with a separate agent. A detectable oligonucleotide tag may be an
oligonucleotide that may be detected by sequencing of its nucleotide sequence and/or by
detecting non-nucleic acid detectable moieties to which it may be attached.

[00309] The oligonucleotide tags may be detectable by virtue of their nucleotide sequence, or
by virtue of a non-nucleic acid detectable moiety that is attached to the oligonucleotide such as
but not limited to a fluorophore, or by virtue of a combination of their nucleotide sequence and
the nonnucleic acid detectable moiety.

[00310] In some embodiments, a detectable oligonucleotide tag may comprise one or more
nonoligonucleotide detectable moieties. Examples of detectable moieties may include, but are
not limited to, fluorophores, microparticles including quantum dots (Empodocles, et al., Nature
399:126-130, 1999), gold nanoparticles (Reichert et al., Anal. Chem. 72:6025-6029, 2000),
microbeads (Lacoste et a., Proc. Natl. Acad. Sci. USA 97(17): 946 1-9466, 2000), biotin, DNP
(dinitrophenyl), fucose, digoxigenin, haptens, and other detectable moieties known to those
skilled in the art. In some embodiments, the detectable moieties may be quantum dots. Methods
for detecting such moieties are described herein and/or are known inthe art.

[00311] Thus, detectable oligonucleotide tags may be, but are not limited to, oligonucleotides
which may comprise unique nucleotide sequences, oligonucleotides which may comprise
detectable moieties, and oligonucleotides which may comprise both unique nucleotide sequences
and detectable moieties.

[00312] A unique label may be produced by sequentially attaching two or more detectable
oligonucleotide tags to each other. The detectable tags may be present or provided in a pluraity
of detectable tags. The same or a different plurality of tags may be used as the source of each
detectable tag may be part of a unique label. In other words, a plurality of tags may be
subdivided into subsets and single subsets may be used asthe source for each tag.
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[00313] In some embodiments, one or more other species may be associated with the tags. In
particular, nucleic acids released by alysed cell may be ligated to one or more tags. These may
include, for example, chromosomal DNA, RNA transcripts, tRNA, mRNA, mitochondrial DNA,
or the like. Such nucleic acids may be sequenced, in addition to sequencing the tags themselves,
which may yield information about the nucleic acid profile of the cells, which can be associated
with the tags, or the conditions that the corresponding droplet or cell was exposed to.

[00314] The invention described herein enables high throughput and high resolution delivery
of reagents to individual emulsion droplets that may contain cells, organelles, nucleic acids,
proteins, etc. through the use of monodisperse aqueous droplets that are generated by a
microfluidic device as a water-in-oil emulsion. The droplets are carried in a flowing oil phase
and stabilized by a surfactant. In one aspect single cells or single organellesor single molecules
(proteins, RNA, DNA) are encapsulated into uniform droplets from an aqueous
solution/dispersion. In arelated aspect, multiple cells or multiple molecules may take the place
of single cells or single molecules. The agueous droplets of volume ranging from 1pL to 10 nL
work asindividual reactors. Disclosed embodiments provide thousands of single cells in droplets
which can be processed and analyzed in a single run.

[00315] To utilize microdroplets for rapid large-scale chemical screening or complex
biological library identification, different species of microdroplets, each containing the specific
chemical compounds or biological probes cells or molecular barcodes of interest, have to be
generated and combined at the preferred conditions, e.g., mixing ratio, concentration, and order
of combination.

[00316] Each species of droplet is introduced a a confluence point in a main microfluidic
channel from separate inlet microfluidic channels. Preferably, droplet volumes are chosen by
design such that one species islarger than others and moves a a different speed, usually slower
than the other species, in the carrier fluid, asdisclosed in U.S. Publication No. U S 2007/0195127
and International Publication No. WO 2007/089541, each of which are incorporated herein by
reference in their entirety. The channel width and length is selected such that faster species of
droplets catch up to the slowest species. Size constraints of the channel prevent the faster moving
droplets from passing the slower moving droplets resulting in atrain of droplets entering a merge
zone. Multi-step chemica reactions, biochemical reactions, or assay detection chemistries often

require afixed reaction time before species of different type are added to a reaction. Multi-step
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reactions are achieved by repeating the process multiple times with a second, third or more
confluence points each with a separate merge point. Highly efficient and precise reactions and
analysis of reactions are achieved when the frequencies of droplets from the inlet channels are
matched to an optimized ratio and the volumes of the species are matched to provide optimized
reaction conditions in the combined droplets.

[00317] Fluidic droplets may be screened or sorted within afluidic system of the invention by
altering the flow of the liquid containing the droplets. For instance, in one set of embodiments, a
fluidic droplet may be steered or sorted by directing the liquid surrounding the fluidic droplet
into a first channel, a second channel, etc. In another set of embodiments, pressure within a
fluidic system, for example, within different channels or within different portions of a channe,
can be controlled to direct the flow of fluidic droplets. For example, a droplet can be directed
toward a channel junction including multiple options for further direction of flow (e.g., directed
toward a branch, or fork, in a channel defining optional downstream flow channels). Pressure
within one or more of the optional downstream flow channels can be controlled to direct the
droplet selectively into one of the channels, and changes in pressure can be effected on the order
of the time required for successive droplets to reach the junction, such that the downstream flow
path of each successive droplet can be independently controlled. In one arrangement, the
expansion and/or contraction of liquid reservoirs may be used to steer or sort a fluidic droplet
into a channel, e.g., by causing directed movement of the liquid containing the fluidic droplet. In
another embodiment, the expansion and/or contraction of the liquid reservoir may be combined
with other flow-controlling devices and methods, eg., as described herein. Non-limiting
examples of devices able to cause the expansion and/or contraction of aliquid reservoir include
pistons.

[00318] Key elements for using microfluidic channels to process droplets include: (1)
producing droplet of the correct volume, (2) producing droplets a the correct frequency and (3)
bringing together a first stream of sample droplets with a second stream of sample droplets in
such away that the frequency of the first stream of sample droplets matches the frequency of the
second stream of sample droplets. Preferably, bringing together a stream of sample droplets with
a stream of premade library droplets in such a way that the frequency of the library droplets

matches the frequency of the sample droplets.
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[00319] Methods for producing droplets of a uniform volume a a regular frequency are well
known in the art. One method isto generate droplets using hydrodynamic focusing of a dispersed
phase fluid and immiscible carrier fluid, such as disclosed in U.S. Publication No. US
2005/0172476 and International Publication No. WO 2004/002627. It is desirable for one of the
species introduced a the confluence to be a preemade library of droplets where the library
contains a plurality of reaction conditions, eg., a library may contain plurality of different
compounds at arange of concentrations encapsulated as separate library elements for screening
their effect on cells or enzymes, aternatively a library could be composed of a plurality of
different primer pairs encapsulated as different library elements for targeted amplification of a
collection of loci, aternatively a library could contain a plurality of different antibody species
encapsulated as different library elements to perform a plurality of binding assays. The
introduction of alibrary of reaction conditions onto a substrate is achieved by pushing a premade
collection of library droplets out of avial with adrive fluid. The drive fluid is a continuous fluid.
The drive fluid may comprise the same substance as the carrier fluid (e.g., a fluorocarbon ail).
For example, if alibrary consists of ten pico-liter droplets is driven into an inlet channel on a
microfluidic substrate with a drive fluid at arate of 10,000 pico-liters per second, then nominally
the frequency a which the droplets are expected to enter the confluence point is 1000 per
second. However, in practice droplets pack with oil between them that slowly drains. Over time
the carrier fluid drains from the library droplets and the number density of the droplets
(number/mL) increases. Hence, a simple fixed rate of infusion for the drive fluid does not
provide a uniform rate of introduction of the droplets into the microfluidic channel in the
substrate. Moreover, library-to-library variations in the mean library droplet volume result in a
shift in the frequency of droplet introduction at the confluence point. Thus, the lack of uniformity
of droplets that results from sample variation and oil drainage provides another problem to be
solved. For example if the nominal droplet volume is expected to be 10 pico-liters in the library,
but varies from 9to 11 pico-liters from library-to-library then a 10,000 pico-liter/second infusion
rate will nominally produce a range in frequencies from 900 to 1,100 droplet per second. In
short, sample to sample variation in the composition of dispersed phase for droplets made on
chip, atendency for the number density of library droplets to increase over time and library-to-
library variations in mean droplet volume severely limit the extent to which frequencies of

droplets may be reliably matched a a confluence by simply using fixed infusion rates. In
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addition, these limitations also have an impact on the extent to which volumes may be
reproducibly combined. Combined with typical variations in pump flow rate precision and
variations in channel dimensions, systems are severely limited without a means to compensate on
a run-to-run basis. The foregoing facts not only illustrate a problem to be solved, but also
demonstrate a need for a method of instantaneous regulation of microfluidic control over
microdroplets within amicrofluidic channel.

[00320] Combinations of surfactant(s) and oils must be developed to facilitate generation,
storage, and manipulation of droplets to maintain the unique chemical/biochemical/biological

environment within each droplet of a diverse library. Therefore, the surfactant and oil
combination must (1) stabilize droplets against uncontrolled coalescence during the drop forming
process and subsequent collection and storage, (2) minimize transport of any droplet contents to
the oil phase and/or between droplets, and (3) maintain chemical and biological inertness with
contents of each droplet (e.g., no adsorption or reaction of encapsulated contents at the oil-water
interface, and no adverse effects on biological or chemical constituents in the droplets). In
addition to the requirements on the droplet library function and stability, the surfactant-in-oil
solution must be coupled with the fluid physics and materials associated with the platform.
Specifically, the oil solution must not swell, dissolve, or degrade the materials used to construct
the microfluidic chip, and the physical properties of the oil (e.g., viscosity, boiling point, etc.)
must be suited for the flow and operating conditions of the platform.

[00321] Droplets formed in oil without surfactant are not stable to permit coalescence, so
surfactants must be dissolved in the oil that is used as the continuous phase for the emulsion
library. Surfactant molecules are amphiphilic—part of the molecule is oil soluble, and part of the
molecule iswater soluble. When a water-oil interface is formed at the nozzle of a microfluidic
chip for example in the inlet module described herein, surfactant molecules that are dissolved in
the oil phase adsorb to the interface. The hydrophilic portion of the molecule resides inside the
droplet and the fluorophilic portion of the molecule decorates the exterior of the droplet. The
surface tension of a droplet is reduced when the interface is populated with surfactant, so the
stability of an emulsion isimproved. In addition to stabilizing the droplets against coalescence,
the surfactant should be inert to the contents of each droplet and the surfactant should not

promote transport of encapsulated components to the oil or other droplets.
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[00322] A droplet library may be made up of a number of library elements that are pooled
together in a single collection (see, e.g., US Patent Publication No. 2010002241). Libraries may
vary in complexity from a single library element to 1015 library elements or more. Each library
element may be one or more given components a a fixed concentration. The element may be,
but is not limited to, cells, organelles, virus, bacteria, yeast, beads, amino acids, proteins,
polypeptides, nucleic acids, polynucleotides or small molecule chemical compounds. The
element may contain an identifier such as a label. The terms "droplet library” or "droplet
libraries’ are aso referred to herein as an "emulsion library” or "emulsion libraries." These terms
are used interchangeably throughout the specification.

[00323] A cdll library element may include, but isnot limited to, hybridomas, B-cells, primary
cells, cultured cell lines, cancer cells, stem cells, cells obtained from tissue (e.g., retinal or human
bone marrow), periphera blood mononuclear cell, or any other cell type. Cellular library
elements are prepared by encapsulating a number of cells from one to hundreds of thousands in
individual droplets. The number of cells encapsulated isusualy given by Poisson statistics from
the number density of cells and volume of the droplet. However, in some cases the number
deviates from Poisson statistics as described in Edd et a., "Controlled encapsulation of single-
cells into monodisperse picolitre drops.” Lab Chip, 8(8): 1262-1264, 2008. The discrete nature of
cells alows for libraries to be prepared in mass with a plurality of cellular variants all present in
a single starting media and then that media is broken up into individual droplet capsules that
contain a most one cell. These individual droplets capsules are then combined or pooled to form
a library consisting of unique library elements. Cell division subsequent to, or in some
embodiments following, encapsulation produces aclonal library element.

[00324] A variety of analytes may be contemplated for use with the foregoing Drop-
Sequencing methods. Examples of cells which are contemplated are mammalian cells, however
the invention contemplates a method for profiling host-pathogen cells. To characterize the
expression of host-pathogen interactions it is important to grow the host and pathogen in the
same cell without multiple opportunities of pathogen infection.

[00325] A bead based library element may contain one or more beads, of a given type and
may also contain other reagents, such as antibodies, enzymes or other proteins. In the case where
al library elements contain different types of beads, but the same surrounding media, the library

elements may al be prepared from a single starting fluid or have avariety of starting fluids. In
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the case of cellular libraries prepared in mass from a collection of variants, such as genomically
modified, yeast or bacteria cells, the library elements will be prepared from a variety of starting
fluids.

[00326] Often it is desirable to have exactly one cell or nuclel per droplet with only a few
droplets containing more than one cell or nuclei when starting with a plurality of cells or yeast or
bacteria, engineered to produce variants on a protein. In some cases, variations from Poisson
statistics may be achieved to provide an enhanced loading of droplets such that there are more
droplets with exactly one cell per droplet and few exceptions of empty droplets or droplets
containing more than one cell.

[00327] Examples of droplet libraries are collections of droplets that have different contents,
ranging from beads, cells, nuclel, smal molecules, DNA, primers, antibodies. Smaller droplets
may be in the order of femtoliter (fL) volume drops, which are especially contemplated with the
droplet dispensors. The volume may range from about 5 to about 600 fL. The larger droplets
range in size from roughly 0.5 micron to 500 micron in diameter, which corresponds to about 1
pico liter to 1 nano liter. However, droplets may be as small as 5 microns and as large as 500
microns. Preferably, the droplets are a less than 100 microns, about 1 micron to about 100
microns in diameter. The most preferred size is about 20 to 40 microns in diameter (10 to 100
picoliters). The preferred properties examined of droplet libraries include osmotic pressure
balance, uniform size, and size ranges.

[00328] The droplets comprised within the emulsion libraries of the present invention may be
contained within an immiscible oil which may comprise a least one fluorosurfactant. In some
embodiments, the fluorosurfactant comprised within immiscible fluorocarbon oil is a block
copolymer consisting of one or more perfluorinated polyether (PFPE) blocks and one or more
polyethylene glycol (PEG) blocks. In other embodiments, the fluorosurfactant is a triblock
copolymer consisting of a PEG center block covaently bound to two PFPE blocks by amide
linking groups. The presence of the fluorosurfactant (similar to uniform size of the droplets in the
library) is critical to maintain the stability and integrity of the droplets and is aso essential for
the subsequent use of the droplets within the library for the various biological and chemical
assays described herein. Fluids (e.g., agueous fluids, immiscible oils, etc.) and other surfactants
that may be utilized in the droplet libraries of the present invention are described in greater detail

herein.
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[00329] The present invention provides an emulsion library which may comprise apluraity of
aqueous droplets within an immiscible oil (e.g., fluorocarbon oil) which may comprise at least
one fluorosurfactant, wherein each droplet is uniform in size and may comprise the same
aqueous fluid and may comprise a different library element. The present invention also provides
amethod for forming the emulsion library which may comprise providing a single aqueous fluid
which may comprise different library elements, encapsulating each library element into an
aqueous droplet within an immiscible fluorocarbon oil which may comprise a least one
fluorosurfactant, wherein each droplet is uniform in size and may comprise the same aqueous
fluid and may comprise a different library element, and pooling the aqueous droplets within an
immiscible fluorocarbon oil which may comprise at least one fluorosurfactant, thereby forming
an emulsion library.

[00330] For example, in one type of emulsion library, al different types of elements (eg.,
cells or beads), may be pooled in a single source contained in the same medium. After the initia
pooling, the cells or beads are then encapsulated in droplets to generate a library of droplets
wherein each droplet with a different type of bead or cell is a different library element. The
dilution of the initial solution enables the encapsulation process. In some embodiments, the
droplets formed will either contain a single cell or bead or will not contain anything, i.e, be
empty. In other embodiments, the droplets formed will contain multiple copies of a library
element. The cells or beads being encapsulated are generally variants on the same type of cell or
bead. In one example, the cells may comprise cancer cells of atissue biopsy, and each cell type
is encapsulated to be screened for genomic data or against different drug therapies. Another
example isthat 1011 or 1015 different type of bacteria; each having a different plasmid spliced
therein, are encapsulated. One example is a bacterial library where each library element grows
into a clonal population that secretes avariant on an enzyme.

[00331] In another example, the emulsion library may comprise a plurality of agqueous
droplets within an immiscible fluorocarbon oil, wherein a single molecule may be encapsulated,
such that there is a single molecule contained within a droplet for every 20-60 droplets produced
(e.g., 20, 25, 30, 35, 40, 45, 50, 55, 60 droplets, or any integer in between). Single molecules
may be encapsulated by diluting the solution containing the molecules to such a low
concentration that the encapsulation of single molecules is enabled. In one specific example, a

LacZ plasmid DNA was encapsulated a a concentration of 20 fM after two hours of incubation
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such that there was about one gene in 40 droplets, where 10 wn droplets were made at 10 kHz
per second. Formation of these libraries rely on limiting dilutions.

[00332] The present invention also provides an emulsion library which may comprise at least
afirst aqueous droplet and at least a second aqueous droplet within afiuorocarbon oil which may
comprise a least one fiuorosurfactant, wherein the at least first and the at least second droplets
are uniform in size and comprise a different aqueous fluid and a different library element. The
present invention also provides a method for forming the emulsion library which may comprise
providing a least a first agueous fluid which may comprise at least afirst library of elements,
providing a least a second aqueous fluid which may comprise at least a second library of
elements, encapsulating each element of said at least first library into a least a first agueous
droplet within an immiscible fiuorocarbon oil which may comprise & least one fiuorosurfactant,
encapsulating each element of said a least second library into at least a second agqueous droplet
within an immiscible fiuorocarbon oil which may comprise at least one fiuorosurfactant, wherein
the a least first and the at least second droplets are uniform in size and comprise a different
aqueous fluid and a different library element, and pooling the at least first agueous droplet and
the at least second aqueous droplet within an immiscible fiuorocarbon oil which may comprise at
least one fiuorosurfactant thereby forming an emulsion library.

[00333]  In specific embodiments, the method comprises treating more than one population of
neurogenic cells of a single cell type or subtype, or optionally a heterogeneous cell type, with a
nucleoside analogue.

[00334] Neurogenesis is the process by which nervous system cells, known as neurons, are
produced by neuronal stem cells. Types of neuronal stem cells include neuroepithelial cells,
radial glial cells, basal progenitors, intermediate neurona precursors, subventricular zone
astrocytes, and subgranular zone radial astrocytes, among others. Neurogenesis is most active
during embryonic development, and isresponsible for producing al the various types of neurons
of the organism, but continues throughout adult life in a variety of organisms. Once born,
neurons do not divide, and many will live the lifetime of the animal.

[00335] Compared to developmental neurogenesis, adult neurogenesis has been shown to
occur a low levels, and only in two regions of the brain: the adult subventricular zone of the

striatum, and the dentate gyrus of the hippocampus.
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[00336] Heterogeneous cell types are cells that are of mixed, diverse, different, assorted, or
varied phenotype. Such variations in cell phenotype in a single-cell-derived clone may result
from asymmetric cell divisons that lead to different cell fate in a homogenous
microenvironment.

[00337] The heterogeneous population of cells may be derived from a section of atissue or a
tumor from a subject. Accordingly, the term "cell population” or "population” can denote a set of
cells having one or more characteristics in common, which may be, for example, source
derivation. The section may be obtained by microdissection. The tissue may be nervous tissue.
The nervous tissue maybe isolated from the brain, spinal cord or retina. The heterogeneous
population of cells may be a population of cells grown in tissue culture. The cells grown in tissue
culture may be neurons. The cells grown in tissue culture may beimmune cells.

[00338] In certain embodiments, nucleic acids are treated or labeled with a nucleoside
analogue. The nucleoside analogue may be any nucleoside analogue known in the art or
developed after the filing of the present invention that isincorporated into replicating DNA and
can be detectable by alabel. The label may be incorporated into the nucleoside analogue or may
include a labeling step after incorporation into DNA with a detectable label. In preferred
embodiments, the label is a fluorescent label. In certain embodiments, the nucleoside analogue
may be EdU (5-ethynyl-2'-deoxyuridine) or BrdU (5-bromo-2'-deoxyuridinge).

[00339] The treating more than one population of cells of a single cell type or subtype, or
optionally a heterogeneous cell type with anucleoside analogue may be performed in at least one
subject. The subject may be a mouse. The isolating one population of cells may comprise
dissection of atissue from the subject. The tissue may be nervous tissue. The nervous tissue may
be isolated from the brain, spinal cord or retina. The population of cells may be a population of
cells grown in tissue culture. The cells grown in tissue culture may comprise neurons. The cells
grown in tissue culture may beimmune cells.

[00340] In specific embodiments, the method further comprises isolating a first population of
neurogenic cells a one time point and isolating at least one other population of neurogenic cells
a a later time point, optionaly, isolating single nuclei from the isolated populations of
neurogenic cells.

[00341] As outlined in the Examples, Applicants have unexpectedly determined that single

nuclei comprising a portion of the rough endoplasmic reticulum (RER) can be isolated and the
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resulting nuclei provides for improved RNA recovery and single cell expression profiling. In
some embodiments, the methods provide for isolation of single nuclei with partialy intact outer
membrane containing RER. In some embodiments, the methods allow for isolation of single
nuclei with partially intact outer membrane and partially intact RER with ribosomes. In some
embodiments, the methods allow for isolation of single nuclei with partially intact outer
membrane, RER and mitochondria

[00342] In specific embodiments, the method further comprises staining the nucleoside
analogue incorporated into replicated DNA with the detectable marker within each population of
neurogenic cells or single nuclel isolated from each population of neurogenic cells, wherein the
DNA is stained with the detectable marker. Typical detectable markers may include labels or
reporter molecules such as radioactive isotopes, enzyme substrates, co-factors, ligands,
chemiluminescent or fluorescent agents, haptens, and enzymes.

[00343] In specific embodiments, the method further comprises sorting the stained and/or
unstained neurogenic cells or optionally, sorting the stained and/or unstained single nuclel into
separate reaction vessels. The single nuclel may be sorted into single wells of a plate by FACS.
The sorting single nuclel into separate reaction vessels may comprise microfluidics. The single
nuclei may be sorted into individual chambers on a microfluidic chip. In certain embodiments,
the separate reaction vessels may be microwells in aplate. In certain embodiments, the separate
reaction vessels may be microfluidic droplets.

[00344]  In specific embodiments, the method further comprises sequencing the RNA from the
sorted single neurogenic cells as described herein, or optionally, sorted single nuclei, whereby
single cell gene expression data are obtained for neurogenic cells a different stages of
neurogenesis. In certain embodiments, the invention provides single nucleus RNA sequencing, as
described herein.

[00345] The invention provides for amethod of single cell sequencing comprising: extracting
nuclel from apopulation of cells under conditions that preserve: (1) aportion of the outer nuclear
envelope with attached ribosomes, or (2) aportion of the outer nuclear membrane and a portion
of the rough endoplasmic reticulum (RER) with ribosomes, or (3) a portion of the outer nuclear
membrane, a portion of the rough endoplasmic reticulum (RER), and a portion of mitochondrig;

sorting single nuclel into separate reaction vessels, extracting RNA from the single nucle;
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generating a cDNA library; and sequencing the library, whereby gene expression data from
single cellsis obtained. In some embodiments, the reaction vessels may be single cell droplets.

M ethods of Producing Expression Profiles

[00346] In embodiments involving determining an expression profile for a neurogenic cell
aong a continuous trajectory of adult neurogenesis, the method may further comprise
determining an expression profile for each identified cell or cell sub-type based on the gene
expression data.

[00347] Asused herein a"signature” may encompass any gene or genes, protein or proteins,
or epigenetic element(s) whose expression profile or whose occurrence is associated with a
specific cell type, subtype, or cell state of a specific cell type or subtype within a population of
cells (e.g., neurogenic cell). In certain embodiments, the signature is dependent on epigenetic
modification of the genes or regulatory elements associated with the genes (e.g., methylation,
ubiquitination). Thus, in certain embodiments, use of signature genes includes epigenetic
modifications that may be detected or modulated. For ease of discussion, when discussing gene
expression, any of gene or genes, protein or proteins, or epigenetic element(s) may be

substituted. Asused herein, the terms "signature”, "expression profile", "transcription profile" or
"expression program” may be used interchangeably. It is to be understood that also when
referring to proteins (e.g. differentially expressed proteins), such may fall within the definition of
"gene" signature. Levels of expression or activity may be compared between different cells in
order to characterize or identify for instance signatures specific for cell (sub)populations.
Increased or decreased expression or activity or prevalence of signature genes may be compared
between different cells in order to characterize or identify for instance specific cell
(sub)populations. The detection of a signature in single cells may be used to identify and
guantitate for instance specific cell (sub)populations. A signature may include a gene or genes,
protein or proteins, or epigenetic element(s) whose expression or occurrence is specific to a cell
(sub)population, such that expression or occurrence is exclusive to the cell (sub)population. A
gene signature as used herein, may thus refer to any set of up- and/or down-regulated genes that
are representative of a cell type or subtype. A gene signature as used herein, may also refer to
any set of up- and/or down-regulated genes between different cells or cell (sub)populations
derived from a gene-expression profile. For example, a gene signature may comprise a list of

genes differentially expressed in adistinction of interest.
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[00348] The signature as defined herein (being it a gene signature, protein signature or other
genetic or epigenetic signature) can be used to indicate the presence of a cell type, a subtype of
the cell type, the state of the microenvironment of a population of cells, a particular cell type
population or subpopulation, and/or the overall status of the entire cell (sub)population.
Furthermore, the signature may be indicative of cells within a population of cells in vivo. The
signature may also be used to suggest for instance particular therapies, or to follow up treatment,
or to suggest ways to modulate immune systems. The signatures of the present invention may be
discovered by analysis of expression profiles of single-cells within a population of cells from
isolated samples (e.g. nervous tissue), thus allowing the discovery of novel cell subtypes or cell
states that were previously invisible or unrecognized, for example, adult newborn neurons. The
presence of subtypes or cell states may be determined by subtype specific or cell state specific
signatures. The presence of these specific cell (sub)types or cell states may be determined by
applying the signature genes to bulk sequencing data in a sample. The signatures of the present
invention may be microenvironment specific, such as their expression in a particular spatio-
temporal context. In certain embodiments, signatures as discussed herein are specific to a
particular developmenta stage or pathological context. In certain embodiments, a combination of
cell subtypes having a particular signature may indicate an outcome. The signatures may be used
to deconvolute the network of cells present in a particular developmental stage or pathological
condition. The presence of specific cells and cell subtypes may aso be indicative of a particular
developmental stage, a particular response to treatment, such asincluding increased or decreased
susceptibility to treatment. The signature may indicate the presence of one particular cell type. In
one embodiment, the novel signatures are used to detect multiple cell states or hierarchies that
occur in subpopulations of cells that are linked to particular stages of development or particular
pathological condition, or linked to a particular outcome or progression of the disease, or linked
to aparticular response to treatment of the disease (e.g. resistance to therapy).

[00349] The signature according to certain embodiments of the present invention may
comprise or consist of one or more genes, proteins and/or epigenetic elements, such as for
instance 1, 2, 3, 4, 5, 6, 7, 8,9, 10 or more. In certain embodiments, the signature may comprise
or consist of two or more genes, proteins and/or epigenetic elements, such asfor instance 2, 3, 4,
5, 6, 7, 8,9, 10 or more. In certain embodiments, the signature may comprise or consist of three

or more genes, proteins and/or epigenetic elements, such as for instance 3, 4, 5, 6, 7, 8, 9, 10 or
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more. In certain embodiments, the signature may comprise or consist of four or more genes,
proteins and/or epigenetic elements, such as for instance 4, 5, 6, 7, 8, 9, 10 or more. In certain
embodiments, the signature may comprise or consist of five or more genes, proteins and/or
epigenetic elements, such as for instance 5, 6, 7, 8, 9, 10 or more. In certain embodiments, the
signature may comprise or consist of six or more genes, proteins and/or epigenetic elements,
such as for instance 6, 7, 8, 9, 10 or more. In certain embodiments, the signature may comprise
or consist of seven or more genes, proteins and/or epigenetic elements, such as for instance 7, 8,
9, 10 or more. In certain embodiments, the signature may comprise or consist of eight or more
genes, proteins and/or epigenetic elements, such as for instance 8, 9, 10 or more. In certain
embodiments, the signature may comprise or consist of nine or more genes, proteins and/or
epigenetic elements, such as for instance 9, 10 or more. In certain embodiments, the signature
may comprise or consist of ten or more genes, proteins and/or epigenetic elements, such as for
instance 10, 11, 12, 13, 14, 15, or more. It isto be understood that a signature according to the
invention may for instance also include genes or proteins as well as epigenetic elements
combined.

[00350] In certain embodiments, a signature is characterized as being specific for a particular
cell or cell (sub)population if it is upregulated or only present, detected or detectable in that
particular cell or cell (sub)population, or aternatively is downregulated or only absent, or
undetectable in that particular cell or cell (sub)population. In this context, a signature consists of
one or more differentially expressed genes/proteins or differential epigenetic elements when
comparing different cells or cell (sub)populations, including comparing different neurogenic
cells, for example, neuronal stem cells, neuronal precursor cells, neuroblasts, immature neurons
and newborn neurons, aswell as comparing immune cells or immune cell (sub)populations with
other immune cells or immune cell (sub)populations. It isto be understood that "differentially
expressed” genes/proteins include genes/proteins which are up- or down-regulated as well as
genes/proteins which are turned on or off. When referring to up-or down-regulation, in certain
embodiments, such up- or down-regulation is preferably at least two-fold, such as two-fold,
three-fold, four-fold, five-fold, or more, such asfor instance at least ten-fold, a least 20-fold, a
least 30-fold, at least 40-fold, at least 50-fold, or more. Alternatively, or in addition, differential

expression may be determined based on common statistical tests, asisknown in the art.
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[00351] In certain embodiments, the present invention provides for gene signature screening.
The concept of signature screening was introduced by Stegmaier et a. (Gene expression-based
high-throughput screening (GE-HTS) and application to leukemia differentiation. Nature Genet.
36, 257-263 (2004)), who realized that if a gene-expression signature was the proxy for a
phenotype of interest, it could be used to find small molecules that effect that phenotype without
knowledge of avalidated drug target.

[00352] The Connectivity Map (cmap) is a collection of genome-wide transcriptional
expression data from cultured human cells treated with bioactive small molecules and simple
pattern-matching algorithms that together enable the discovery of functional connections
between drugs, genes and diseases through the transitory feature of common gene-expression
changes (see, Lamb et a., The Connectivity Map: Using Gene-Expression Signatures to Connect
Small Molecules, Genes, and Disease. Science 29 Sep 2006: Vol. 313, Issue 5795, pp. 1929-
1935, DOI: 10.1126/science. 1132939; and Lamb, J, The Connectivity Map: a new tool for
biomedical research. Nature Reviews Cancer January 2007: Vol. 7, pp. 54-60). Cmap can be
used to screen for drugs capable of modulating an OPC-like signature in silico.

[00353] Asdiscussed herein, differentially expressed genes/proteins, or differential epigenetic
elements may be differentially expressed on a single cell level, or may be differentialy
expressed on a cell population level. Preferably, the differentially expressed genes/ proteins or
epigenetic elements as discussed herein, such as constituting the gene signatures as discussed
herein, when asto the cell population level, refer to genes that are differentially expressed in all
or substantially al cells of the population (such as a least 80%, preferably at least 90%, such as
a least 95% of the individual cells). This allows one to define a particular subpopulation of cells.
Asreferred to herein, a"subpopulation” of cells preferably refers to aparticular subset of cells of
a particular cell type (e.g., proliferating) which can be distinguished or are uniquely identifiable
and set apart from other cells of this cell type. The cell subpopulation may be phenotypically
characterized, and is preferably characterized by the signature as discussed herein. A cell
(sub)population as referred to herein may constitute a (sub)population of cells of a particular cell
type characterized by a specific cell state.

[00354] When referring to induction, or aternatively reducing or suppression of a particular
signature, preferable ismeant induction or aternatively reduction or suppression (or upregulation

or downregulation) of at least one gene/protein and/or epigenetic element of the signature, such
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as for instance a least two, a least three, a least four, a least five, a least six, or dll
genes/proteins and/or epigenetic elements of the signature.

[00355] Various aspects and embodiments of the invention may involve anayzing gene
signatures, protein signatures, and/or other genetic or epigenetic signatures based on single cell
analyses (e.g. single cell RNA sequencing) or alternatively based on cell population analyses, as
isdefined herein elsewhere.

[00356] The invention further relates to various uses of the gene signatures, protein signature,
and/or other genetic or epigenetic signature as defined herein. Particular advantageous uses
include methods for identifying agents capable of inducing or suppressing neurogeness,
particularly inducing or suppressing neurogenic cell(sub)populations based on the gene
signatures, protein signature, and/or other genetic or epigenetic signature as defined herein. The
invention further relates to agents capable of inducing or suppressing particular neurogenic cell
(sub)populations based on the gene signatures, protein signature, and/or other genetic or
epigenetic signature as defined herein, as well astheir use for modulating, such asinducing or
repressing, a particular gene signature, protein signature, and/or other genetic or epigenetic
signature. In one embodiment, genes in one population of cells may be activated or suppressed in
order to affect the cells of another population. In related aspects, modulating, such asinducing or
repressing, a particular gene signature, protein signature, and/or other genetic or epigenetic
signature may modulate neurogenesis, and/or neurogeneic cell subpopulation composition or
distribution, or functionality.

[00357] The signature genes of the present invention were discovered by analysis of
expression profiles of single-cells within a population of neurogenic cells, thus allowing the
discovery of novel cell subtypes that were previously invisible or rare in a population of cells
within the nervous tissue. The presence of subtypes may be determined by subtype specific
signature genes. The presence of these specific cell types may be determined by applying the
signature genes to bulk sequencing data in a patient. Not being bound by a theory, many cells
make up a microenvironment, whereby the cells communicate and affect each other in specific
ways. As such, specific cell types within this microenvironment may express signature genes
specific for this microenvironment. Not being bound by a theory the signature genes of the
present invention may be microenvironment specific. The signature genes may indicate the

presence of one particular cell type. In one embodiment, the expression may indicate the

72



WO 2019/094984 PCT/US2018/060860

presence of proliferating cell types. Not being bound by atheory, a combination of cell subtypes
in a subject may indicate an outcome.

[00358] In specific embodiments of the method described above, neurogenesis occurs in the
adult brain.

[00359]  In specific embodiments, neurogenesis occurs in the dorsal ganglion (DG).

[00360] In specific embodiments, neurogenesis occurs in the adult spinal cord.

[00361] In some embodiments, the neurogenic cell is selected from the group consisting of: a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron.

[00362] Neurona stem cells are self-renewing, multipotent cells that generate the neurons and
glia of the nervous system of all animals during embryonic development. Some neural stem cells
persist in the adult vertebrate brain and continue to produce neurons throughout life. Stem cells
are characterized by their capacity to differentiate into multiple cell types. They undergo
symmetric or asymmetric cell division into two daughter cells. In symmetric cell division, both
daughter cells are aso stem cells. In asymmetric division, a stem cell produces one stem cell and
one specialized cell. Neuronal stem cells differentiate primarily into neurons, astrocytes, and
oligodendrocytes.

[00363] The non-stem cell progeny of neural stem cells are referred to as neural progenitor
cells. Neural progenitor cells have the capacity to proliferate and differentiate into more than one
cell type. Neural progenitor cells can therefore be unipotent, bipotent or multipotent. A
distinguishing feature of a neural progenitor cell is that, unlike a stem cell, it has a limited
proliferative ability and does not exhibit self-renewal.

[00364] A neural or neuronal precursor cell refers to amixed population of cells consisting of
al undifferentiated progeny of neural stem cells, including both neura progenitor cells and
neural stem cells. The term neural precursor cellsis commonly used to collectively describe the
mixed population of neural stem cells and neural progenitor cells derived from embryonic stem
cells and induced pluripotent stem cells.

[00365] A neuroblast or primitive nerve cell is a postmitotic cell that does not divide further
and which will develop into a neuron after a migration phase. Neuroblasts differentiate from
neural stem cells and are committed to become neurons. Neuroblasts are mainly present as

precursors of neurons during embryonic development. However, they can also contribute one of
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the cell types involved in adult neurogenesis. Adult neurogenesis is characterized by neural stem
cell differentiation and integration in the mature adult mammalian brain. This process occurs in
the dentate gyrus of the hippocampus and in the subventricular zones of the adult mammalian
brain. Neuroblasts are formed when a neural stem cell, which can differentiate into any type of
mature neural cell (i.e. neurons, oligodendrocytes, astrocytes, etc.), divides and becomes atransit
amplifying cell. Transit amplifying cells are dightly more differentiated than neural stem cells
and can divide asymmetrically to produce postmitotic neuroblasts and glioblasts, aswell as other
transit amplifying cells. A neuroblast, a daughter cell of atransit amplifying cell, isinitially a
neural stem cell that has reached the "point of no return". A neuroblast has differentiated such
that it will mature into aneuron and not any other neural cell type.

[00366] Post-mitotic immature neurons consist of a cell body (soma) containing a nucleus and
cytoplasm. Axons and dendrites will grow from each immature neuron in response to chemical
signals from surrounding cells. Immature neurons must migrate in order to adopt precise fina
positions that allow for the formation of neural circuitries. This migration process is critical for
the development of brain and spinal architecture. Neural migration may occur via one of two
distinct processes - glial guidance or somal translocation. Glia cells may provide a scaffolding
network along which an immature neuron can be directed to its final location. Alternatively, the
neuron may form an extension at the cell's perimeter and then translocate its soma long this
length.

[00367] During embryonic development, the mammalian central nervous system (brain and
spinal cord) is derived from the neural tube, which contains neural stem cells that will later
generate neurons. However, neurogenesis doesn't begin until a sufficient population of neural
stem cells has been achieved. These early stem cells are called neuroepithelial cells, but soon
take on a highly elongated radial morphology and are then known as radial glial cells. Radial
glia cells are the primary stem cells of the mammalian central nervous system, and reside in the
embryonic ventricular zone, which lies adjacent to the central fluid-filled cavity (ventricular
system) of the neural tube. Following radial glial cell proliferation, neurogenesis involves afinal
cell division of the parent radial glial cell, which produces one of two possible outcomes. First,
this may generate a subclass of neuronal progenitors called intermediate neurona precursors,
which will divide one or more additional times to produce neurons. Alternatively, daughter

neurons may be produced directly. Neurons do not immediately form neura circuits through the

74



WO 2019/094984 PCT/US2018/060860

growth of axons and dendrites. Instead, newborn neurons must migrate long distances to their
final destinations, maturing and finally generating neural circuitry. For example, neurons born in
the ventricular zone migrate radially to the cortical plate, which iswhere neurons accumulate to
form the cerebral cortex. Thus, the generation of neurons occurs in a specific tissue compartment
or 'neurogenic niche' occupied by their parent stem cells.

[00368] In another embodiment, the expression profile identifies the cell as an adult newborn
neuron or immature neuron of the spinal cord and comprises: Gadl, Gad2, Pbx3 and Meis2.
[00369] In another embodiment, the expression profile identifies the cell as an adult newborn
neuron or immature neuron of the spina cord and comprises: Gadl, Gad2, Pbx3, Meis2 and
RunxItl.

[00370] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Fabp7, Sox9, Ascl, Insml, Sox6, Notchl, Eomes, Tgfb2, Chd7, Sox5,
Sox4, Neurodl, Neurod2, Sema3c, Igfbpll, Soxl |, Slc6al, Dcx, Grin2b, Gadl and Bhlhe22.
[00371] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox8, SoxlO, Dip2a, Ncoa3, Rorb, 1d3, Sox9, Sox5, Sox6, Sox4,
Eomes, Mndal, Bhlhe22, Ifi203, SoxI 1, FIna and Zebl.

[00372] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Notchl, Sox9/2, Fezf2, Pax3, 1d3/4, Sox6, Chd7, Cdk2, Insml, Eomes,
Sox4, Neurodl, Neurod2, Bhlhe22, Chd5 and Hdac?.

[00373] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox2, Sox9, Sox5, Sox8, Sox6, Sox4, Cdk2, Cdk2apl, Cdk9, Cdkl2,
Kifl I, Kif21b, Kifl7, Chd7, Kdm5c, Kdm7a, Hdac8, Kdm2b, Chd5, Hdac5, Hdac7, Chdl and
Kdm3b.

[00374] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and

comprises a least one of: Sox9, Rrm2, Gpr56, Draxin, Mfap4, Eomes, Sox4 and Neurodl!.
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[00375] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Gfap, Mtl, Aldoc, Clu, Agp4, Mt2, Cst3, Slcla2, Poxipl, Fgfr3,
Slcz2al, Slprl, 1d3, Fxydl, Notchl, Sox9, Glul, Slcla3, Sox2, 01ig2, Aldhl ||, Prelp, Vim, Pax®6,
Rein, Gprl7, Tcf712, Nfib, Dbx2, Sox8, Sox5, Sox4, Emx|, Soxl, Sox6, Proxl, DIxl, Foxgl,

Neurodl, Soxl I, Slitl, Gad2, Grin2b and Dcx.

[00376] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox9, Notchl, Eomes and Neurod!.

[00377] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Sox 11 and Gadl.

[00378] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Eomes, Sox4, Sox| 1 and Dcx.

[00379] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron or a
newborn neuron and comprises a least one of: Rrm2, Gpr56, Draxin and Mfap4.

[00380] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, a neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and
comprises a least one of: Mbp, Meg3, Gad2 and Dcx.

[00381] In another embodiment, the expression profile identifies the cell as a neuronal stem
cell, neuronal precursor cell, a neuroblast, an immature neuron or a newborn neuron and

comprises a least one of the genes presented in Tables 18 and 19.

ADULT NEWBORN NEURONS DERIVED FROM THE SPINAL CORD

[00382] In some embodiments, the invention comprises an adult newborn neuron or immature
neuron derived from the spinal cord as described herein.

[00383] In some embodiments, the invention provides an adult newborn neuron or immature

neuron derived from the spinal cord characterized by expression of Gadl and Gad2. A s such, the
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invention also provides methods for identifying a newborn neuron of the spinal cord comprising
detecting the expression pattern of Gadl and Gad2.

[00384] In some embodiments, the invention also provides an adult newborn neuron or
immature neuron derived from the spinal cord characterized by expression of Gadl, Gad2, Pbx3
and Meis2. As such, the invention aso provides methods for identifying a newborn neuron of the
spinal cord comprising detecting the expression pattern of Gadl, Gad2, Pobx3 and Meis2.

[00385] In some embodiments, the invention also provides an adult newborn neuron or
immature neuron derived from the spinal cord characterized by expression of Gadl, Gad2, Pbx3,
Meis2 and Runxltl. As such, the invention also provides methods for identifying a newborn
neuron of the spinal cord comprising detecting the expression pattern of Gadl, Gad2, Pbx3,
Meis2 and Runxltl.

[00386] In some embodiments, the invention also provides an expression profile for
identifying aneuronal stem cell, aneurona precursor cell, a neuroblast, an immature neuron or a
newborn neuron derived from the brain, comprising: Sox8, Rrm2, Gpr56, Draxin, Mfap4,

Eomes, Sox4 and Neurodl.

EXPRESSION PROFILES

[00387] Also envisioned within the scope of the invention are expression profiles for
distinguishing between aneuronal stem cell, aneuronal precursor cell, aneuroblast, an immature
neuron and a newborn neuron.

[00388] Asdescribed herein, an expression profile may encompass any gene or genes, protein
or proteins, or epigenetic element(s) whose expression profile or whose occurrence is associated
with a specific cell type, subtype, or cell state of a specific cell type or subtype within a
population of cells (e.g., neurogenic cell). In certain embodiments, the signature is dependent on
epigenetic modification of the genes or regulatory elements associated with the genes (eg.,
methylation, ubiquitination). Thus, in certain embodiments, use of signature genes includes
epigenetic modifications that may be detected or modulated. For ease of discussion, when
discussing gene expression, any of gene or genes, protein or proteins, or epigenetic element(s)
may be substituted. It isto be understood that also when referring to proteins (e.g. differentially
expressed proteins), such may fall within the definition of "gene" signature. Levels of expression

or activity may be compared between different cells in order to characterize or identify for
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instance signatures specific for cell (sub)populations. Increased or decreased expression or
activity or prevalence of signature genes may be compared between different cells in order to
characterize or identify for instance specific cell (sub)populations. The detection of a signaturein
single cells may be used to identify and quantitate for instance specific cell (sub)populations. An
expression profile may include a gene or genes, protein or proteins, or epigenetic element(s)
whose expression or occurrence is specific to a cell (sub)population, such that expression or
occurrence is exclusive to the cell (sub)population. A gene signature as used herein, may thus
refer to any set of up- and/or down-regulated genes that are representative of a cell type or
subtype. A gene signature as used herein, may also refer to any set of up- and/or down-regulated
genes between different cells or cell (sub)populations derived from a gene-expression profile.
For example, a gene signature may comprise a list of genes differentially expressed in a
distinction of interest.

[00389] The signature as defined herein (being it a gene signature, protein signature or other
genetic or epigenetic signature) can be used to indicate the presence of a cell type, a subtype of
the cell type, the state of the microenvironment of a population of cells, a particular cell type
population or subpopulation, and/or the overall status of the entire cell (sub)population.
Furthermore, the signature may be indicative of cells within a population of cells in vivo. The
signature may also be used to suggest for instance particular therapies, or to follow up treatment,
or to suggest ways to modulate immune systems. The signatures of the present invention may be
discovered by analysis of expression profiles of single-cells within a population of cells from
isolated samples (e.g. nervous tissue), thus allowing the discovery of novel cell subtypes or cell
states that were previously invisible or unrecognized, for example, adult newborn neurons. The
presence of subtypes or cell states may be determined by subtype specific or cell state specific
signatures. The presence of these specific cell (sub)types or cell states may be determined by
applying the signature genes to bulk sequencing data in a sample. The signatures of the present
invention may be microenvironment specific, such as their expression in a particular spatio-
temporal context. In certain embodiments, signatures as discussed herein are specific to a
particular developmental stage or pathological context. In certain embodiments, a combination of
cell subtypes having a particular signature may indicate an outcome. The signatures may be used
to deconvolute the network of cells present in a particular developmental stage or pathological

condition. The presence of specific cells and cell subtypes may also be indicative of a particular
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developmental stage, a particular response to treatment, such asincluding increased or decreased
susceptibility to treatment. The signature may indicate the presence of one particular cell type. In
one embodiment, the novel signatures are used to detect multiple cell states or hierarchies that
occur in subpopulations of cells that are linked to particular stages of development or particular
pathological condition, or linked to a particular outcome or progression of the disease, or linked
to aparticular response to treastment of the disease (e.g. resistance to therapy).

[00390] The gene expression data may be obtained from single cell sequencing. The gene
expression data may be obtained from single nuclel sequencing. The single nuclei sequencing
may comprise: treating the heterogeneous population of cells with areagent that stabilizes RNA;
extracting nuclei from the cells; sorting single nuclel into separate reaction vessels; extracting
RNA from the single nuclei; generating a cDNA library; and sequencing the library, whereby
gene expression data from single cells is obtained. The single nuclei may be sorted into single
wells of a plate by FACS. The sorting single nuclei into separate reaction vessels may comprise
microfluidics. The single nuclei may be sorted into individual chambers on amicrofluidic chip.
[00391] In gpecific embodiments, the invention provides an expression profile for
distinguishing between aneuronal stem cell, aneurona precursor cell, aneuroblast, an immature
neuron and a newborn neuron comprising one or more of the genes presented in Table 22.

[00392] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 23.

[00393] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 24.

[00394] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and a newborn
neuron comprising one or more of the genes presented in Table 25.

[00395] The invention also provides an expression profile for distinguishing between a
neuronal stem cell, a neuronal precursor cell, a neuroblast, an immature neuron and anewborn
neuron comprising one or more of the genes presented in Table 27.

[00396] In one aspect, the present invention provides for a method of producing at least one

high resolution map for visualizing different cell subtypes or cell states in a heterogeneous
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population of cells comprising: performing dimensionality reduction on single cell gene
expression data obtained from the heterogeneous population of cells; producing a first set of
clusters of cells by a method comprising measuring the dissimilarity between sets of genes in the
dimensionality reduced single cell gene expression data and applying afirst metric, wherein the
clusters are in a dimensionality reduced space and the clusters comprise cells with a continuous
trgjectory; producing a set of informative genes by a method comprising scoring genes based on
their expression across the first set of clusters of cells or a continuous trajectory of cells, wherein
the informative genes are uniquely expressed in cells embedded in close proximity in the
dimensionality reduced space; and producing a least one second set of clusters of cells or
continuous trajectory of cells by a method comprising measuring the dissimilarity between the
set of informative genes and applying a second metric, whereby visualization of a map of the
second set of clusters or continuous trajectory of cellsindicate cell subtypes or cell states.

[00397] The method may further comprise producing a least one high resolution map for
visualizing the temporal position or cell developmental stage of cells of a specific cell type,
subtype or cell state during proliferation comprising: optionaly, performing the method of
producing & least one high resolution map for visualizing different cell subtypes or cell statesin
a heterogeneous population of cells as described herein, whereby heterogeneous cells are
clustered by cell type, subtype, or cell state; performing dimensionality reduction on the single
cell gene expression data from the stained cells of a single cell type, subtype or cell state within
each population of cells or the stained single nuclei of a single cell type or subtype isolated from
each population of cells;, measuring the dissimilarity between sets of genes in the dimensionality
reduced single cell gene expression data and applying a first metric, whereby a continuous
trajectory isvisualized in the dimensionality reduced space from an early time point to a later
time point; producing a set of informative genes by a method comprising scoring genes based on
their expression across the continuous trajectory, wherein the informative genes are uniquely
expressed in cells embedded in close proximity in the dimensionality reduced space, optionally,
wherein lowly expressed genes are filtered out; and producing at least one set of clusters of cells
by a method comprising measuring the dissmilarity between the set of informative genes and
applying a second metric, whereby visualization of the set of clusters in the dimensionality
reduced space indicate the gene expression profiles of cells based on a temporal position or

developmental stage. The producing the set of clusters of cells may comprise producing more

80



WO 2019/094984 PCT/US2018/060860

than one set of clusters, wherein the first set of clusters is produced by using the highest scoring
informative gene and each successive set of clusters is produced by adding the next highest
scoring informative gene. The method may further comprise normalization of the single cell gene
expression data, wherein gene expression of one cell is normalized to another using not highly
expressed genes. The method may further comprise estimation of missed detection probability,
wherein an expectation-maximization algorithm is applied. The scoring informative genes may
comprise applying a Moran's | anadysis and/or a Manhattan distance analysis. The
dimensionality reduction may comprise PCA and/or tSNE. The nucleoside analogue may
comprise EdU (5-ethynyl-2'-deoxyuridine).

[00398]  The method may further comprise mapping the spatial location of the cell subtypes or
cells having a cell state by performing RNA in situ hybridization (ISH) on whole tissue sections
comprising said cell subtypes using probes specific for genes expressed in the cell subtypes,
whereby the spatial location of cell subtypes is visualized in a biological sample. The method
may further comprise mapping the spatial location of the cell subtypes or cells having acell state
by comparing gene expression data for each cell type to landmark gene expression patterns in
tissue samples, whereby the spatial location of cell subtypesisvisualized in abiological sample.
[00399] Producing the second set of clusters of cells may comprise producing more than one
set of clusters, wherein each set of clusters is produced by using the highest scoring informative
gene and each successive cluster is produced by adding the next highest scoring informative
gene.

[00400] The method may further comprise normalization of the single cell gene expression
data, wherein gene expression of one cell is normalized to another using not highly expressed
genes. The method may further comprise estimation of missed detection probability, wherein an
expectation-maximization algorithm is applied. Scoring informative genes may comprise
applying a Moran's | analysis and/or a Manhattan distance analysis. The dimensionality

reduction may comprise PCA and/or tSNE.

METHODS OF STIMULATING NEUROGENESIS
[00401] In some embodiments, the invention provides a method of stimulating neurogenesis
of a neuronal stem cell derived from the spinal cord stem by administering an agent that

modul ates one or more genes or gene products.
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M odulating Agents

[00402] As used herein the term "altered expression” may particularly denote altered
production of the recited gene products by a cell. Asused herein, the term "gene product(s)”
includes RNA transcribed from a gene (e.g., mRNA), or a polypeptide encoded by a gene or
translated from RNA.

[00403] Also, "altered expression” asintended herein may encompass modulating the activity
of one or more endogenous gene products. Accordingly, "altered expression”, "altering
expression”, "modulating expression”, or "detecting expression' or similar may be used
interchangeably with respectively "altered expression or activity", "atering expression or
activity", "modulating expression or activity", or "detecting expression or activity" or smilar. As
used herein, "modulating” or "to modulate" generally means either reducing or inhibiting the
activity of atarget or antigen, or aternatively increasing the activity of the target or antigen, as
measured using a suitable in vitro, cellular or in vivo assay. In particular, "modulating” or "to
modulate” can mean either reducing or inhibiting the (relevant or intended) activity of, or
aternatively increasing the (relevant or intended) biological activity of the target or antigen, as
measured using a suitable in vitro, cellular or in vivo assay (which will usualy depend on the
target or antigen involved), by at least 5%, at least 10%, a least 25%, at least 50%, at |east 60%,
a least 70%, at least 80%, or 90% or more, compared to activity of the target or antigen in the
same assay under the same conditions but without the presence of the inhibitor/antagonist agents
or activator/agonist agents described herein.

[00404] As will be clear to the skilled person, "modulating” can aso involve affecting a
change (which can either be an increase or a decrease) in affinity, avidity, specificity and/or
selectivity of atarget or antigen, for one or more of its targets compared to the same conditions
but without the presence of a modulating agent. Again, this can be determined in any suitable
manner and/or using any suitable assay known per se, depending on the target. In particular, an
action as an inhibitor/antagonist or activator/agonist can be such that an intended biological or
physiological activity is increased or decreased, respectively, by a least 5%, at least 10%, at
least 25%, at least 50%, at least 60%, a least 70%, at least 80%, or 90% or more, compared to
the biological or physiological activity in the same assay under the same conditions but without
the presence of the inhibitor/antagonist agent or activator/agonist agent. Modulating can also

involve activating the target or antigen or the mechanism or pathway in which it isinvolved.
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Programmable Nucleic-Acid Modifying Agents

[00405] Programmable nucleic acid-modifying agents in the context of the present invention
may be used to modify endogenous cell DNA or RNA sequences, including DNA and/or RNA
sequences encoding the target genes and target gene products disclosed herein. In certain
example embodiments, the programmable nucleic acid-modifying agents may be used to edit a
target sequence to restore native or wild-type functionality. In certain other embodiments, the
programmable nucleic-acid modifying agents may be used to insert a new gene or gene product
to modify the phenotype of target cells. In certain other example embodiments, the
programmable nucleic-acid modifying agents may be used to delete or otherwise silence the
expression of atarget gene or gene product. Programmable nucleic-acid modifying agents may
used in both invivo an ex vivo applications disclosed herein.
1. CRISPR/Cas Systems

[00406] In general, a CRISPR-Cas or CRISPR system as used herein and in documents, such
asWO 2014/093622 (PCT/US20 13/074667), refers collectively to transcripts and other elements
involved in the expression of or directing the activity of CRISPR-associated ("Cas') genes,
including sequences encoding a Cas gene, a tracr (trans-activating CRISPR) sequence (e.g.
tracrRNA or an active partial tracrRNA), atracr-mate sequence (encompassing a "direct repeat"
and atracrRNA-processed partial direct repeat in the context of an endogenous CRISPR system),
a guide sequence (also referred to as a "spacer” in the context of an endogenous CRISPR
system), or "RNA(S)" asthat term is herein used (e.g., RNA(S) to guide Cas, such as Cas9, e.g.
CRISPR RNA and transactivating (tracr) RNA or a single guide RNA (sgRNA) (chimeric
RNA)) or other sequences and transcripts from a CRISPR locus. In general, a CRISPR system is
characterized by elements that promote the formation of a CRISPR complex at the site of atarget
sequence (also referred to as a protospacer in the context of an endogenous CRISPR system).
See, eg, Shmakov et a. (2015) "Discovery and Functional Characterization of Diverse Class 2
CRISPR-Cas Systems’, Molecular Cell, DOI: dx.doi.org/10.1016/j.molcel.2015. 10.008.

[00407] In certain embodiments, a protospacer adjacent motif (PAM) or PAM-like motif
directs binding of the effector protein complex as disclosed herein to the target locus of interest.
In some embodiments, the PAM may be a 5' PAM (i.e., located upstream of the 5' end of the
protospacer). In other embodiments, the PAM may be a 3' PAM (i.e., located downstream of the
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5' end of the protospacer). The term "PAM" may be used interchangeably with the term "PFS"
or "protospacer flanking site" or "protospacer flanking sequence”.

[00408] In apreferred embodiment, the CRISPR effector protein may recognize a3' PAM. In
certain embodiments, the CRISPR effector protein may recognize a 3' PAM which is 5H ,
wherein HisA,CorU.

[00409] In the context of formation of a CRISPR complex, "target sequence" refers to a
sequence to which a guide sequence is designed to have complementarity, where hybridization
between atarget sequence and a guide sequence promotes the formation of a CRISPR complex.
A target sequence may comprise RNA polynucleotides. The term "target RNA" refers to a RNA
polynucleotide being or comprising the target sequence. In other words, the target RNA may be a
RNA polynucleotide or a part of a RNA polynucleotide to which a part of the gRNA, i.e. the
guide sequence, is designed to have complementarity and to which the effector function
mediated by the complex comprising CRISPR effector protein and a gRNA isto be directed. In
some embodiments, atarget sequence islocated in the nucleus or cytoplasm of acell.

[00410] In certain example embodiments, the CRISPR effector protein may be delivered using
a nucleic acid molecule encoding the CRISPR effector protein. The nucleic acid molecule
encoding a CRISPR effector protein, may advantageously be a codon optimized CRISPR
effector protein. An example of a codon optimized sequence, is in this instance a sequence
optimized for expression in eukaryote, e.g., humans (i.e. being optimized for expression in
humans), or for another eukaryote, animal or mammal as herein discussed; see, e.g., SaCas9
human codon optimized sequence in WO 2014/093622 (PCT/US20 13/074667). Whilst this is
preferred, it will be appreciated that other examples are possible and codon optimization for a
host species other than human, or for codon optimization for specific organs is known. In some
embodiments, an enzyme coding sequence encoding a CRISPR effector protein is a codon
optimized for expression in particular cells, such aseukaryotic cells. The eukaryotic cells may be
those of or derived from a particular organism, such as a plant or a mammal, including but not
limited to human, or non-human eukaryote or animal or mammal as herein discussed, eg.,
mouse, rat, rabbit, dog, livestock, or non-human mammal or primate. In some embodiments,
processes for modifying the germ line genetic identity of human beings and/or processes for
modifying the genetic identity of animals which are likely to cause them suffering without any

substantial medical benefit to man or animal, and aso animals resulting from such processes,

84



WO 2019/094984 PCT/US2018/060860

may be excluded. In general, codon optimization refers to a process of modifying a nucleic acid
sequence for enhanced expression in the host cells of interest by replacing at least one codon
(e.g. about or more than about 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or more codons) of the native
sequence with codons that are more frequently or most frequently used in the genes of that host
cell while maintaining the native amino acid sequence. Various species exhibit particular bias for
certain codons of a particular amino acid. Codon bias (differences in codon usage between
organisms) often correlates with the efficiency of trandation of messenger RNA (mRNA), which
isin turn believed to be dependent on, among other things, the properties of the codons being
trandated and the availability of particular transfer RNA (tRNA) molecules. The predominance
of selected tRNAs in acell isgenerally areflection of the codons used most frequently in peptide
synthesis. Accordingly, genes can be tailored for optima gene expression in a given organism
based on codon optimization. Codon usage tables are readily available, for example, a the
"Codon Usage Database” available at kazusa.orjp/codon/ and these tables can be adapted in a
number of ways. See Nakamura, Y., et a. "Codon usage tabulated from the international DNA
sequence databases: status for the year 2000" Nucl. Acids Res. 28:292 (2000). Computer
algorithms for codon optimizing a particular sequence for expression in aparticular host cell are
also available, such as Gene Forge (Aptagen; Jacobus, PA), are aso available. In some
embodiments, one or more codons (e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or more, or al codons) in
a sequence encoding a Cas correspond to the most frequently used codon for a particular amino
acid.

[00411] In certain embodiments, the methods as described herein may comprise providing a
Cas transgenic cell in which one or more nucleic acids encoding one or more guide RNAs are
provided or introduced operably connected in the cell with a regulatory element comprising a
promoter of one or more gene of interest. Asused herein, the term "Cas transgenic cell” refers to
a cell, such as a eukaryotic cell, in which a Cas gene has been genomically integrated. The
nature, type, or origin of the cell are not particularly limiting according to the present invention.
Also the way the Cas transgene isintroduced in the cell may vary and can be any method asis
known in the art. In certain embodiments, the Cas transgenic cell is obtained by introducing the
Cas transgene in an isolated cell. In certain other embodiments, the Cas transgenic cell is
obtained by isolating cells from a Cas transgenic organism. By means of example, and without

limitation, the Cas transgenic cell as referred to herein may be derived from a Cas transgenic
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eukaryote, such as a Cas knock-in eukaryote. Reference is made to WO 2014/093622
(PCT/US 13/74667), incorporated herein by reference. Methods of US Patent Publication Nos.
20120017290 and 201 10265198 assigned to Sangamo Biosciences, Inc. directed to targeting the
Rosa locus may be modified to utilize the CRISPR Cas system of the present invention. Methods
of US Patent Publication No. 20130236946 assigned to Cellectis directed to targeting the Rosa
locus may also be modified to utilize the CRISPR Cas system of the present invention. By means
of further example reference is made to Piatt et. al. (Cell; 159(2):440-455 (2014)), describing a
Cas9 knock-in mouse, which isincorporated herein by reference. The Cas transgene can further
comprise a Lox-Stop-polyA-Lox(LSL) cassette thereby rendering Cas expression inducible by
Cre recombinase. Alternatively, the Cas transgenic cell may be obtained by introducing the Cas
transgene in an isolated cell. Delivery systems for transgenes are well known in the art. By
means of example, the Cas transgene may be delivered in for instance eukaryotic cell by means
of vector (e.g., AAV, adenovirus, lentivirus) and/or particle and/or nanoparticle delivery, as aso
described herein elsewhere.

[00412] It will be understood by the skilled person that the cell, such as the Cas transgenic
cell, asreferred to herein may comprise further genomic aterations besides having an integrated
Cas gene or the mutations arising from the sequence specific action of Cas when complexed with
RNA capable of guiding Casto atarget locus.

[00413] In certain aspects the invention involves vectors, e.g. for delivering or introducing in
a cell Cas and/or RNA capable of guiding Cas to atarget locus (i.e. guide RNA), but also for
propagating these components (e.g. in prokaryotic cells). A used herein, a"vector" isatool that
allows or facilitates the transfer of an entity from one environment to another. It is a replicon,
such as a plasmid, phage, or cosmid, into which another DNA segment may be inserted so asto
bring about the replication of the inserted segment. Generally, a vector is capable of replication
when associated with the proper control elements. In general, the term "vector" refers to a
nucleic acid molecule capable of transporting another nucleic acid to which it has been linked.
Vectors include, but are not limited to, nucleic acid molecules that are single-stranded, double-
stranded, or partially double-stranded; nucleic acid molecules that comprise one or more free
ends, no free ends (e.g. circular); nucleic acid molecules that comprise DNA, RNA, or both; and
other varieties of polynucleotides known in the art. One type of vector is a "plasmid,” which

refers to a circular double stranded DNA loop into which additional DNA segments can be
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inserted, such as by standard molecular cloning techniques. Another type of vector is a vird
vector, wherein virally-derived DNA or RNA sequences are present in the vector for packaging
into a virus (eg. retroviruses, replication defective retroviruses, adenoviruses, replication
defective adenoviruses, and adeno-associated viruses (AAVS)). Vira vectors aso include
polynucleotides carried by avirus for transfection into a host cell. Certain vectors are capable of
autonomous replication in a host cell into which they are introduced (e.g. bacterial vectors
having a bacterial origin of replication and episomal mammalian vectors). Other vectors (e.g.,
non-episomal  mammalian vectors) are integrated into the genome of a host cell upon
introduction into the host cell, and thereby are replicated along with the host genome. Moreover,
certain vectors are capable of directing the expression of genes to which they are operatively-
linked. Such vectors are referred to herein as "expression vectors.” Common expression vectors
of utility in recombinant DNA techniques are often in the form of plasmids.

[00414] Recombinant expression vectors can comprise a nucleic acid of the invention in a
form suitable for expression of the nucleic acid in a host cell, which means that the recombinant
expression vectors include one or more regulatory elements, which may be selected on the basis
of the host cells to be used for expression, that is operatively-linked to the nucleic acid sequence
to be expressed. Within arecombinant expression vector, "operably linked" isintended to mean
that the nucleotide sequence of interest is linked to the regulatory element(s) in a manner that
allows for expression of the nucleotide sequence (e.g. in an in vitro transcription/translation
system or in a host cell when the vector is introduced into the host cell). With regards to
recombination and cloning methods, mention is made of U.S. patent application 10/815,730,
published September 2, 2004 as US 2004-0171 156 Al, the contents of which are herein
incorporated by reference in their entirety. Thus, the embodiments disclosed herein may also
comprise transgenic cells comprising the CRISPR effector system. In certain example
embodiments, the transgenic cell may function as an individual discrete volume. In other words
samples comprising a masking construct may be delivered to a cell, for example in a suitable
delivery vesicle and if the target is present in the delivery vesicle the CRISPR effector is
activated and a detectable signal generated.

[00415] The vector(s) can include the regulatory element(s), e.g., promoter(s). The vector(s)
can comprise Cas encoding sequences, and/or a single, but possibly also can comprise & least 3

or 8 or 16 or 32 or 48 or 50 guide RNA(s) (e.g., sgrRNAS) encoding sequences, such as 1-2, 1-3,
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1-4 1-5, 3-6, 3-7, 3-8, 3-9, 3-10, 3-8, 3-16, 3-30, 3-32, 3-48, 3-50 RNA(S) (e.g., sgRNAS). In a
single vector there can be a promoter for each RNA (e.g., sgRNA), advantageously when there
are up to about 16 RNA(s); and, when a single vector provides for more than 16 RNA(S), one or
more promoter(s) can drive expression of more than one of the RNA(S), e.g., when there are 32
RNA(s), each promoter can drive expression of two RNA(S), and when there are 48 RNA(S),
each promoter can drive expression of three RNA(s). By simple arithmetic and well established
cloning protocols and the teachings in this disclosure one skilled in the art can readily practice
the invention as to the RNA(s) for a suitable exemplary vector such as AAV, and a suitable
promoter such as the U6 promoter. For example, the packaging limit of AAV is-4.7 kb. The
length of a single U6-gRNA (plus restriction sites for cloning) is 361 bp. Therefore, the skilled
person can readily fit about 12-16, e.g., 13 U6-gRNA cassettes in a single vector. This can be
assembled by any suitable means, such as a golden gate strategy used for TALE assembly
(genome-engineering.org/taleffectors/). The skilled person can also use atandem guide strategy
to increase the number of U6-gRNAS by approximately 1.5 times, e.g., to increase from 12-16,
e.g., 13 to approximately 18-24, e.g., about 19 U6-gRNAS. Therefore, one skilled in the art can
readily reach approximately 18-24, e.g., about 19 promoter-RNAs, eg., U6-gRNAS in a single
vector, eg., an AAV vector. A further means for increasing the number of promoters and RNAs
in a vector isto use a single promoter (e.g., U6) to express an array of RNAs separated by
cleavable sequences. And an even further means for increasing the number of promoter-RNASs in
avector, isto express an array of promoter-RNAs separated by cleavable sequences in the intron
of a coding sequence or gene; and, in this instance it is advantageous to use a polymerase Il
promoter, which can have increased expression and enable the transcription of long RNA in a
tissue gpecific manner. (see, eg., nar.oxfordjournals.org/content/34/7/e53. short and
nature.com/mt/journal/vl6/n9/abs/mt2008144a.html).  In an advantageous embodiment, AAV
may package U6 tandem gRNA targeting up to about 50 genes. Accordingly, from the
knowledge in the art and the teachings in this disclosure the skilled person can readily make and
use vector(s), e.g., a single vector, expressing multiple RNAs or guides under the control or
operatively or functionally linked to one or more promoters—especially as to the numbers of
RNAs or guides discussed herein, without any undue experimentation.

[00416] The guide RNA(s) encoding sequences and/or Cas encoding sequences, can be
functionally or operatively linked to regulatory element(s) and hence the regulatory element(s)
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drive expression. The promoter(s) can be constitutive promoter(s) and/or conditional promoter(s)
and/or inducible promoter(s) and/or tissue specific promoter(s). The promoter can be selected
from the group consisting of RNA polymerases, pol I, pol II, pol 1ll, T7, U6, HI, retrovira Rous
sarcoma virus (RSV) LTR promoter, the cytomegalovirus (CMV) promoter, the SV40 promoter,
the dihydrofolate reductase promoter, the B-actin promoter, the phosphoglycerol kinase (PGK)
promoter, and the EFla promoter. An advantageous promoter isthe promoter isUG6.
[00417] Additional effectors for use according to the invention can be identified by their
proximity to casl genes, for example, though not limited to, within the region 20 kb from the
start of the casl gene and 20 kb from the end of the casl gene. In certain embodiments, the
effector protein comprises at least one HEPN domain and & least 500 amino acids, and wherein
the C2c2 effector protein is naturally present in aprokaryotic genome within 20 kb upstream or
downstream of a Cas gene or a CRISPR array. Non-limiting examples of Cas proteins include
Cad, CadB, Cas2, Cas3, Cas4, Casb, Casb, Cas?, Cas3, Cas9 (also known as Csnl and Csx|2),
CadO, Csyl, Csy2, Csy3, Csel, Cse2, Cscl, Csc2, Csab, Csn2, Csm2, Csm3, Csm4, Csmb,
Csm6, Cmrl, Cmr3, Cmr4, Cmr5, Cmr6, Csbl, Csb2, Csb3, Csxl7, Csxl4, CsxlO, Csxl6,
CsaX, Csx3, Csxl, CsxI5, Csfl, Csf2, Csf3, Csf4, homologues thereof, or modified versions
thereof. In certain example embodiments, the C2c2 effector protein is naturally present in a
prokaryotic genome within 20kb upstream or downstream of a Cas 1 gene. The terms
"orthologue" (also referred to as "ortholog" herein) and "homologue' (also referred to as
"homolog" herein) are well known in the art. By means of further guidance, a"homologue" of a
protein as used herein is a protein of the same species which performs the same or a similar
function as the protein it is a homologue of. Homologous proteins may but need not be
structurally related, or are only partially structuraly related. An "orthologue" of aprotein asused
herein is a protein of a different species which performs the same or a smilar function as the
protein it is an orthologue of. Orthologous proteins may but need not be structurally related, or
are only partially structurally related.

a DNA repair andNHEJ
[00418] In certain embodiments, nuclease-induced non-homologous end-joining (NHEJ) can
be used to target gene-specific knockouts. Nuclease-induced NHEJ can also be used to remove
(e.g., delete) sequence in agene of interest. Generally, NHEJ repairs a double-strand break in the
DNA by joining together the two ends, however, generally, the origina sequence isrestored only
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if two compatible ends, exactly as they were formed by the double-strand break, are perfectly
ligated. The DNA ends of the double-strand break are frequently the subject of enzymatic
processing, resulting in the addition or removal of nucleotides, at one or both strands, prior to
rejoining of the ends. This results in the presence of insertion and/or deletion (indel) mutations in
the DNA sequence a the site of the NHEJ repair. Two-thirds of these mutations typically alter
the reading frame and, therefore, produce a non-functional protein. Additionally, mutations that
maintain the reading frame, but which insert or delete a significant amount of sequence, can
destroy functionality of the protein. This is locus dependent as mutations in critical functional
domains are likely less tolerable than mutations in non-critical regions of the protein. The indel
mutations generated by NHEJ are unpredictable in nature; however, a agiven break site certain
indel sequences are favored and are over represented in the population, likely due to small
regions of microhomology. The lengths of deletions can vary widely; most commonly in the 1-
50 bp range, but they can easily be greater than 50 bp, eg., they can easily reach greater than
about 100-200 bp. Insertions tend to be shorter and often include short duplications of the
sequence immediately surrounding the break site. However, it is possible to obtain large
insertions, and in these cases, the inserted sequence has often been traced to other regions of the
genome or to plasmid DNA present in the cells.

[00419] Because NHEJ is a mutagenic process, it may also be used to delete small sequence
motifs as long as the generation of a specific final sequence is not required. If a double-strand
break is targeted near to a short target sequence, the deletion mutations caused by the NHEJ
repair often span, and therefore remove, the unwanted nucleotides. For the deletion of larger
DNA segments, introducing two double-strand breaks, one on each side of the sequence, can
result in NHEJ between the ends with removal of the entire intervening sequence. Both of these
approaches can be used to delete specific DNA sequences; however, the error-prone nature of
NHEJ may till produce indel mutations at the site of repair.

[00420] Both double strand cleaving by the CRISPR/Cas system can be used in the methods
and compositions described herein to generate NHEJ mediated indels. NHEJmediated indels
targeted to the gene, e.g., acoding region, e.g., an early coding region of agene of interest can be
used to knockout (i.e., eliminate expression of) a gene of interest. For example, early coding

region of a gene of interest includes sequence immediately following a transcription start site,
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within afirst exon of the coding sequence, or within 500 bp of the transcription start site (e.g.,
less than 500, 450, 400, 350, 300, 250, 200, 150, 100 or 50 bp).
[00421]  In an embodiment, in which the CRISPR/Cas system generates a double strand break
for the purpose of inducing NHEJmediated indels, a guide RNA may be configured to position
one double-strand break in close proximity to a nucleotide of the target position. In an
embodiment, the cleavage site may be between 0-500 bp away from the target position (e.g., less
than 500, 400, 300, 200, 100, 50, 40, 30, 25, 20, 15, 10, 9, 8, 7, 6, 5, 4, 3, 2 or 1 bp from the
target position).
[00422] In an embodiment, in which two guide RNAs complexing with CRISPR/Cas system
nickases induce two single strand breaks for the purpose of inducing NHEJmediated indels, two
guide RNAs may be configured to position two single-strand breaks to provide for NHEJ repair a
nucleotide of the target position.

b dCas and Functional Effectors
[00423] Unlike CRISPR-Cas-mediated gene knockout, which permanently eliminates
expression by mutating the gene a the DNA level, CRISPR-Cas knockdown alows for
temporary reduction of gene expression through the use of artificial transcription factors.
Mutating key residues in cleavage domains of the Cas protein results in the generation of a
catalytically inactive Cas protein. A cataytically inactive Cas protein complexes with a guide
RNA and localizes to the DNA sequence specified by that guide RNAs targeting domain,
however, it does not cleave the target DNA. Fusion of the inactive Cas protein to an effector
domain also referred to herein as a functional domain, e.g., a transcription repression domain,
enables recruitment of the effector to any DNA site specified by the guide RNA.
[00424] In genera, the positioning of the one or more functiona domain on the inactivated
CRISPR/Cas protein isone which allows for correct spatial orientation for the functional domain
to affect the target with the attributed functional effect. For example, if the functional domain isa
transcription activator (e.g.,, VP64 or p65), the transcription activator is placed in a spatia
orientation which alows it to affect the transcription of the target. Likewise, a transcription
repressor will be advantageously positioned to affect the transcription of the target, and a
nuclease (e.g., Fokl) will be advantageously positioned to cleave or partialy cleave the target.

This may include positions other than the N-/ C- terminus of the CRISPR protein.
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[00425] In certain embodiments, Cas protein may be fused to a transcriptional repression
domain and recruited to the promoter region of a gene. Especially for gene repression, it is
contemplated herein that blocking the binding site of an endogenous transcription factor would
aid in downregulating gene expression.
[00426] In an embodiment, a guide RNA molecule can be targeted to a known transcription
response elements (e.g., promoters, enhancers, etc.), a known upstream activating sequences,
and/or sequences of unknown or known function that are suspected of being able to control
expression of the target DNA. Idem: adapt to refer to regions with the motifs of interest
[00427]  In some methods, atarget polynucleotide can be inactivated to effect the modification
of the expression in a cell. For example, upon the binding of a CRISPR complex to a target
sequence in a cell, the target polynucleotide is inactivated such that the sequence is not
transcribed, the coded protein isnot produced, or the sequence does not function as the wild-type
sequence does. For example, a protein or microRNA coding sequence may be inactivated such
that the protein isnot produced.

0 GuideMolecules
[00428] Asused herein, the term "guide sequence’ and "guide molecule" in the context of a
CRISPR-Cas system, comprises any polynucleotide sequence having sufficient complementarity
with atarget nucleic acid sequence to hybridize with the target nucleic acid sequence and direct
sequence-specific binding of a nucleic acid-targeting complex to the target nucleic acid
sequence. The guide sequences made using the methods disclosed herein may be a full-length
guide sequence, atruncated guide sequence, a full-length sgRNA sequence, atruncated sgRNA
sequence, or an E+F sgRNA sequence. In some embodiments, the degree of complementarity of
the guide sequence to agiven target sequence, when optimally aligned using a suitable alignment
algorithm, is about or more than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or
more. In certain example embodiments, the guide molecule comprises a guide sequence that may
be designed to have at least one mismatch with the target sequence, such that a RNA duplex
formed between the guide sequence and the target sequence. Accordingly, the degree of
complementarity ispreferably less than 99%. For instance, where the guide sequence consists of
24 nucleotides, the degree of complementarity is more particularly about 96% or less. In
particular embodiments, the guide sequence is designed to have a stretch of two or more adjacent

mismatching nucleotides, such that the degree of complementarity over the entire guide sequence
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is further reduced. For instance, where the guide sequence consists of 24 nucleotides, the degree
of complementarity ismore particularly about 96% or less, more particularly, about 92% or less,
more particularly about 88% or less, more particularly about 84% or less, more particularly about
80% or less, more particularly about 76% or less, more particularly about 72% or less, depending
on whether the stretch of two or more mismatching nucleotides encompasses 2, 3, 4, 5, 6 or 7
nucleotides, etc. In some embodiments, aside from the stretch of one or more mismatching
nucleotides, the degree of complementarity, when optimally aligned using a suitable alignment
algorithm, is about or more than about 50%, 60%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%, or
more. Optimal alignment may be determined with the use of any suitable algorithm for aligning
sequences, non-limiting example of which include the Smith-Waterman agorithm, the
Needleman-Wunsch algorithm, algorithms based on the Burrows-Wheeler Transform (e.g., the
Burrows Wheeler Aligner), ClustalW, Clustal X, BLAT, Novoalign (Novocraft Technologies;
available a www.novocraft.com), ELAND (lllumina, San Diego, CA), SOAP (available a
soap.genomics.org.cn), and Maqg (available a mag.sourceforge.net). The ability of a guide
sequence (within a nucleic acid-targeting guide RNA) to direct sequence-specific binding of a
nucleic acid -targeting complex to atarget nucleic acid sequence may be assessed by any suitable
assay. For example, the components of a nucleic acid-targeting CRISPR system sufficient to
form a nucleic acid-targeting complex, including the guide sequence to be tested, may be
provided to a host cell having the corresponding target nucleic acid sequence, such as by
transfection with vectors encoding the components of the nucleic acid-targeting complex,
followed by an assessment of preferential targeting (e.g., cleavage) within the target nucleic acid
sequence, such as by Surveyor assay as described herein. Similarly, cleavage of atarget nucleic
acid sequence (or a sequence in the vicinity thereof) may be evaluated in atest tube by providing
the target nucleic acid sequence, components of a nucleic acid-targeting complex, including the
guide sequence to be tested and a control guide sequence different from the test guide sequence,
and comparing binding or rate of cleavage a or inthe vicinity of the target sequence between the
test and control guide sequence reactions. Other assays are possible, and will occur to those
skilled in the art. A guide sequence, and hence a nucleic acid-targeting guide RNA may be
selected to target any target nucleic acid sequence.

[00429] In certain embodiments, the guide sequence or spacer length of the guide molecules is

from 15 to 50 nt. In certain embodiments, the spacer length of the guide RNA is at least 15
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nucleotides. In certain embodiments, the spacer length isfrom 15 to 17 nt, e.g., 15, 16, or 17 nt,
from 17 to 20 nt, e.g., 17, 18, 19, or 20 nt, from 20to 24 nt, e.qg., 20, 21, 22, 23, or 24 nt, from 23
to 25 nt, e.qg., 23, 24, or 25 nt, from 24 to 27 nt, e.q., 24, 25, 26, or 27 nt, from 27-30 nt, e.qg., 27,
28, 29, or 30 nt, from 30-35 nt, e.g., 30, 31, 32, 33, 34, or 35 nt, or 35 nt or longer. In certain
example embodiment, the guide sequence is 15, 16, 17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 3940, 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, or 100 nt.

[00430] In some embodiments, the guide sequence is an RNA sequence of between 10 to 50
nt in length, but more particularly of about 20-30 nt advantageously about 20 nt, 23-25 nt or 24
nt. The guide sequence is selected so asto ensure that it hybridizes to the target sequence. Thisis
described more in detail below. Selection can encompass further steps which increase efficacy
and specificity.

[00431] In some embodiments, the guide sequence has a canonical length (e.g., about 15-30
nt) isused to hybridize with the target RNA or DNA. In some embodiments, aguide molecule is
longer than the canonical length (e.g., >30 nt) isused to hybridize with the target RNA or DNA,
such that a region of the guide sequence hybridizes with aregion of the RNA or DNA strand
outside of the Cas-guide target complex. This can be of interest where additional modifications,
such deamination of nucleotides is of interest. In aternative embodiments, it is of interest to
maintain the limitation of the canonical guide sequence length.

[00432] In some embodiments, the sequence of the guide molecule (direct repeat and/or
spacer) is selected to reduce the degree secondary structure within the guide molecule. In some
embodiments, about or less than about 75%, 50%, 40%, 30%, 25%, 20%, 15%, 10%, 5%, 1%, or
fewer of the nucleotides of the nucleic acid-targeting guide RNA participate in self-
complementary base pairing when optimally folded. Optimal folding may be determined by any
suitable polynucleotide folding algorithm. Some programs are based on calculating the minimal
Gibbs free energy. An example of one such algorithm is mFold, as described by Zuker and
Stiegler (Nucleic Acids Res. 9 (1981), 133-148). Another example folding algorithm is the
online webserver RNAfold, developed at Institute for Theoretical Chemistry at the University of
Vienna, using the centroid structure prediction algorithm (see e.g., A.R. Gruber et a., 2008, Cell
106(1): 23-24; and PA Carr and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).
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[00433] In some embodiments, it is of interest to reduce the susceptibility of the guide
molecule to RNA cleavage, such as to cleavage by Casl3. Accordingly, in particular
embodiments, the guide molecule is adjusted to avoide cleavage by Casd3 or other RNA-
cleaving enzymes.

[00434] In certain embodiments, the guide molecule comprises non-naturally occurring
nucleic acids and/or non-naturally occurring nucleotides and/or nucleotide analogs, and/or
chemically modifications. Preferably, these non-naturally occurring nucleic acids and non-
naturally occurring nucleotides are located outside the guide sequence. Non-naturally occurring
nucleic acids can include, for example, mixtures of naturally and non-naturally occurring
nucleotides. Non-naturally occurring nucleotides and/or nucleotide analogs may be modified at
the ribose, phosphate, and/or base moiety. In an embodiment of the invention, a guide nucleic
acid comprises ribonucleotides and non-ribonucleotides. In one such embodiment, a guide
comprises one or more ribonucleotides and one or more deoxyribonucleotides. In an
embodiment of the invention, the guide comprises one or more non-naturally occurring
nucleotide or nucleotide analog such as a nucleotide with phosphorothioate linkage, a locked
nucleic acid (LNA) nucleotides comprising a methylene bridge between the 2' and 4' carbons of
the ribose ring, or bridged nucleic acids (BNA). Other examples of modified nucleotides include
2'-0-methyl analogs, 2'-deoxy analogs, or 2'-fluoro analogs. Further examples of modified bases
include, but are not limited to, 2-aminopurine, 5-bromo-uridine, pseudouridine, inosine, 7-
methylguanosine. Examples of guide RNA chemical modifications include, without limitation,
incorporation of 2'-0-methyl (M), 2'-0-methyl 3'phosphorothioate (MS), S-constrained
ethyl(cEt), or 2'-0-methyl 3'thioPACE (MSP) a one or more terminal nucleotides. Such
chemically modified guides can comprise increased stability and increased activity as compared
to unmodified guides, though on-target vs. off-target specificity isnot predictable. (See, Henddl,
2015, Nat Biotechnol. 33(9):985-9, doi: 10.1038/nbt.3290, published online 29 June 2015
Ragdarm et al., 0215, PNAS, E7110-E7111; Allerson et a., J. Med. Chem. 2005, 48:901-904;
Bramsen et al., Front. Genet, 2012, 3:154; Deng et al., PNAS, 2015, 112:1 1870-1 1875; Sharma
et a., MedChemComm., 2014, 5:1454-1471; Hendel et a., Nat. Biotechnol. (2015) 33(9): 985-
989; Li et al., Nature Biomedical Engineering, 2017, 1, 0066 DOI:10.1038/s41551-017-0066).
In some embodiments, the 5' and/or 3' end of aguide RNA ismodified by avariety of functional

moieties including fluorescent dyes, polyethylene glycol, cholesterol, proteins, or detection tags.
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(See Kelly et al., 2016, J. Biotech. 233:74-83). In certain embodiments, a guide comprises
ribonucleotides in a region that binds to atarget RNA and one or more deoxyribonucletides
and/or nucleotide analogs in aregion that binds to Casl3. In an embodiment of the invention,
deoxyribonucleotides and/or nucleotide analogs are incorporated in engineered guide structures,
such as, without limitation, stem-loop regions, and the seed region. For Casl3 guide, in certain
embodiments, the modification is not in the 5-handle of the stem-loop regions. Chemical
modification in the 5'-handle of the stem-loop region of aguide may abolish its function (see Li,
et a., Nature Biomedical Engineering, 2017, 1:0066). In certain embodiments, at least 1, 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, 35,
40, 45, 50, or 75 nucleotides of a guide is chemically modified. In some embodiments, 3-5
nucleotides a either the 3' or the 5 end of a guide is chemically modified. In some
embodiments, only minor modifications are introduced in the seed region, such as 2-F
modifications. In some embodiments, 2'-F modification isintroduced at the 3' end of aguide. In
certain embodiments, three to five nucleotides a the 5 and/or the 3' end of the guide are
chemicially modified with 2-0-methyl (M), 2-O-methyl 3' phosphorothicate (MS), S-
constrained ethyl(cEt), or 2-O-methyl 3' thioPACE (MSP). Such modification can enhance
genome editing efficiency (see Hendel et a., Nat. Biotechnol. (2015) 33(9): 985-989). In certain
embodiments, al of the phosphodiester bonds of a guide are substituted with phosphorothioates
(PS) for enhancing levels of gene disruption. In certain embodiments, more than five nucleotides
a the 5' and/or the 3' end of the guide are chemicially modified with 2-0-Me, 2-F or S
constrained ethyl(cEt). Such chemically modified guide can mediate enhanced levels of gene
disruption (see Ragdarm et a., 0215, PNAS, E71 10-E71 11). In an embodiment of the invention,
aguide ismodified to comprise a chemical moiety at its 3' and/or 5' end. Such moieties include,
but are not limited to amine, azide, alkyne, thio, dibenzocyclooctyne (DBCO), or Rhodamine. In
certain embodiment, the chemical moiety is conjugated to the guide by alinker, such as an alkyl
chain. In certain embodiments, the chemical moiety of the modified guide can be used to attach
the guide to another molecule, such as DNA, RNA, protein, or nanoparticles. Such chemically
modified guide can be used to identify or enrich cells generically edited by a CRISPR system
(seelLee e a., eLife, 2017, 6:25312, DOI: 10.7554).

[00435] In some embodiments, the modification to the guide is a chemical modification, an

insertion, a deletion or a split. In some embodiments, the chemical modification includes, but is
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not limited to, incorporation of 2'-O-methyl (M) anaogs, 2-deoxy analogs, 2-thiouridine
analogs, N6-methyladenosine analogs, 2'-fluoro analogs, 2-aminopurine, 5-bromo-uridine,
pseudouridine (W), NI-methylpseudouridine (me®), 5-methoxyuriding(5moU), inosine, 7-
methylguanosine,  2'-0-methyl 3'phosphorothioate (MS),  S-constrained  ethyl(cEt),
phosphorothioate (PS), or 2-0-methyl 3'thioPACE (MSP). In some embodiments, the guide
comprises one or more of phosphorothioate modifications. In certain embodiments, at least 1, 2,
3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, or 25 nucleotides of the guide are
chemically modified. In certain embodiments, one or more nucleotides in the seed region are
chemically modified. In certain embodiments, one or more nucleotides in the 3'-terminus are
chemically modified. In certain embodiments, none of the nucleotides in the 5'-handle is
chemically modified. In some embodiments, the chemical modification in the seed region is a
minor modification, such as incorporation of a 2'-fluoro analog. In a specific embodiment, one
nucleotide of the seed region isreplaced with a 2'-fluoro analog. In some embodiments, 5to 10
nucleotides in the 3'-terminus are chemically modified. Such chemical modifications at the 3'-
terminus of the Casl3 CrRNA may improve Casl3 activity. In aspecific embodiment, 1, 2, 3, 4,
5, 6, 7, 8, 9 or 10 nucleotides in the 3'-terminus are replaced with 2'-fluoro analogues. In a
specific embodiment, 1, 2, 3, 4, 5, 6, 7, 8, 9 or 10 nucleotides in the 3-terminus are replaced
with 2'- O-methyl (M) analogs.

[00436] In some embodiments, the loop of the 5-handle of the guide is modified. In some
embodiments, the loop of the 5'-handle of the guide is modified to have a deletion, an insertion,
a split, or chemical modifications. In certain embodiments, the modified loop comprises 3, 4, or
5 nucleotides. In certain embodiments, the loop comprises the sequence of UCUU, UUUU,
UAUU, or UGUU (SEQ. I.D.Nos. 1-4).

[00437] In some embodiments, the guide molecule forms a stemloop with a separate non-
covaently linked sequence, which can be DNA or RNA. In particular embodiments, the
sequences forming the guide are first synthesized using the standard phosphoramidite synthetic
protocol (Herdewijn, P., ed., Methods in Molecular Biology Col 288, Oligonucleotide Synthesis:
Methods and Applications, Humana Press, New Jersey (2012)). In some embodiments, these
seguences can be functionalized to contain an appropriate functional group for ligation using the
standard protocol known in the art (Hermanson, G. T., Bioconjugate Techniques, Academic

Press (2013)). Examples of functional groups include, but are not limited to, hydroxyl, amine,
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carboxylic acid, carboxylic acid halide, carboxylic acid active ester, adehyde, carbonyl,
chlorocarbonyl, imidazolylcarbonyl, hydrozide, semicarbazide, thio semicarbazide, thiol,
maleimide, haloakyl, sufonyl, aly, propargyl, diene, akyne, and azide. Once this sequence is
functionalized, a covalent chemical bond or linkage can be formed between this sequence and
the direct repeat sequence. Examples of chemical bonds include, but are not limited to, those
based on carbamates, ethers, esters, amides, imines, amidines, aminotrizines, hydrozone,
disulfides, thioethers, thioesters, phosphorothioates, phosphorodithioates, sulfonamides,
sulfonates, fulfones, sulfoxides, ureas, thioureas, hydrazide, oxime, triazole, photolabile linkages,
C-C bond forming groups such as Diels-Alder cyclo-addition pairs or ring-closing metathesis
pairs, and Michael reaction pairs.

[00438] In some embodiments, these stem-loop forming sequences can be chemically
synthesized. In some embodiments, the chemical synthesis uses automated, solid-phase
oligonucleotide synthesis machines with 2'-acetoxyethyl orthoester (2'-ACE) (Scaringe € al., J.
Am. Chem. Soc. (1998) 120: 11820-11821; Scaringe, Methods Enzymol. (2000) 317: 3-18) or
2-thionocarbamate (2-TC) chemistry (Dellinger et a., J. Am. Chem. Soc. (2011) 133: 11540-
11546; Hendel et a., Nat. Biotechnol. (2015) 33:985-989).

[00439] In certain embodiments, the guide molecule comprises (1) a guide sequence capable
of hybridizing to atarget locus and (2) atracr mate or direct repeat sequence whereby the direct
repeat segquence is located upstream (i.e, 5) from the guide sequence. In a particular
embodiment the seed sequence (i.e. the sequence essential critical for recognition and/or
hybridization to the sequence at the target locus) of th guide sequence is approximately within
the first 10 nucleotides of the guide sequence.

[00440] In aparticular embodiment the guide molecule comprises a guide sequence linked to
adirect repeat sequence, wherein the direct repeat sequence comprises one or more stem loops or
optimized secondary structures. In particular embodiments, the direct repeat has a minimum
length of 16 nts and a single stem loop. In further embodiments the direct repeat has a length
longer than 16 nts, preferably more than 17 nts, and has more than one stem loops or optimized
secondary structures. In particular embodiments the guide molecule comprises or consists of the
guide sequence linked to al or part of the natural direct repeat sequence. A typical Type V or
Type VI CRISPR-cas guide molecule comprises (in 3' to 5' direction or in 5' to 3' direction): a

guide sequence a first complimentary stretch (the "repeat"), a loop (which istypically 4 or 5
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nucleotides long), a second complimentary stretch (the "anti-repeat” being complimentary to the
repeat), and apoly A (often poly U in RNA) tail (terminator). In certain embodiments, the direct
repeat sequence retains its natural architecture and forms a single stem loop. In particular
embodiments, certain aspects of the guide architecture can be modified, for example by addition,
subtraction, or substitution of features, whereas certain other aspects of guide architecture are
maintained. Preferred locations for engineered guide molecule modifications, including but not
limited to insertions, deletions, and substitutions include guide termini and regions of the guide
molecule that are exposed when complexed with the CRISPR-Cas protein and/or target, for
example the stemloop of the direct repeat sequence.

[00441] In particular embodiments, the stem comprises a least about 4bp comprising
complementary X and Y sequences, athough stems of more, eg., 5, 6, 7, 8, 9, 10, 11 or 12 or
fewer, e.g., 3, 2, base pairs are also contemplated. Thus, for example X2-10 and Y2-10 (wherein
X and Y represent any complementary set of nucleotides) may be contemplated. In one aspect,
the stem made of the X and Y nucleotides, together with the loop will form a complete hairpin in
the overall secondary structure; and, this may be advantageous and the amount of base pairs can
be any amount that forms a complete hairpin. In one aspect, any complementary X:Y
basepairing sequence (e.g., asto length) is tolerated, so long as the secondary structure of the
entire guide molecule is preserved. In one aspect, the loop that connects the stem made of X:Y
basepairs can be any sequence of the same length (e.g., 4 or 5 nucleotides) or longer that does
not interrupt the overall secondary structure of the guide molecule. In one aspect, the stemloop
can further comprise, eg. an MS2 aptamer. In one aspect, the stem comprises about 5-7bp
comprising complementary X and Y sequences, although stems of more or fewer basepairs are
also contemplated. In one aspect, non-Watson Crick basepairing is contemplated, where such
pairing otherwise generally preserves the architecture of the stemloop at that position.

[00442] In particular embodiments the natural hairpin or stemloop structure of the guide
molecule is extended or replaced by an extended stemloop. It has been demonstrated that
extension of the stem can enhance the assembly of the guide molecule with the CRISPR-Cas
proten (Chen et a. Cell. (2013); 155(7): 1479-1491). In particular embodiments the stem of the
stemloop is extended by a least 1, 2, 3, 4, 5 or more complementary basepairs (i.e.

corresponding to the addition of 2,4, 6, 8, 10 or more nucleotides in the guide molecule). In
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particular embodiments these are located a the end of the stem, adjacent to the loop of the
stemloop.

[00443] In particular embodiments, the susceptibility of the guide molecule to RNAses or to
decreased expression can be reduced by dlight modifications of the sequence of the guide
molecule which do not affect its function. For instance, in particular embodiments, premature
termination of transcription, such as premature transcription of U6 Pol-Il1, can be removed by
modifying a putative Pol-l1l terminator (4 consecutive U's) in the guide molecules sequence.
Where such sequence modification is required in the stemloop of the guide molecule, it is
preferably ensured by abasepair flip.

[00444] In a particular embodiment the direct repeat may be modified to comprise one or
more protein-binding RNA aptamers. In a particular embodiment, one or more aptamers may be
included such as part of optimized secondary structure. Such aptamers may be capable of
binding abacteriophage coat protein as detailed further herein.

[00445] In some embodiments, the guide molecule forms a duplex with a target RNA
comprising a least one target cytosine residue to be edited. Upon hybridization of the guide
RNA molecule to the target RNA, the cytidine deaminase binds to the single strand RNA in the
duplex made accessible by the mismatch in the guide sequence and catalyzes deamination of one
or more target cytosine residues comprised within the stretch of mismatching nucleotides.

[00446] A guide sequence, and hence a nucleic acid-targeting guide RNA may be selected to
target any target nucleic acid sequence. Thetarget sequence may be mRNA.

[00447] In certain embodiments, the target sequence should be associated with a PAM
(protospacer adjacent motif) or PFS (protospacer flanking sequence or site); that is, a short
sequence recognized by the CRISPR complex. Depending on the nature of the CRISPR-Cas
protein, the target sequence should be selected such that its complementary sequence in the DNA
duplex (also referred to herein as the non-target sequence) is upstream or downstream of the
PAM. In the embodiments of the present invention where the CRISPR-Cas protein is a Casl3
protein, the compel ementary sequence of the target sequence is downstream or 3' of the PAM or
upstream or 5' of the PAM. The precise sequence and length requirements for the PAM differ
depending on the Casl3 protein used, but PAMs are typically 2-5 base pair sequences adjacent
the protospacer (that is, the target sequence). Examples of the natura PAM sequences for
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different Casl3 orthologues are provided herein below and the skilled person will be able to
identify further PAM sequences for use with agiven Casl3 protein.

[00448]  Further, engineering of the PAM Interacting (Pl) domain may alow programing of
PAM specificity, improve target site recognition fidelity, and increase the versatility of the
CRISPR-Cas protein, for example as described for Cas9 in Kleinstiver BP et a. Engineered
CRISPR-Cas9 nucleases with altered PAM specificities. Nature. 2015 Jul 23;523(7561):481-5.
doi: 10.1038/naturel4592. As further detailed herein, the skilled person will understand that
Cadl3 proteins may be modified analogously.

[00449]  In particular embodiment, the guide is an escorted guide. By "escorted" is meant that
the CRISPR-Cas system or complex or guide is delivered to a selected time or place within a
cell, so that activity of the CRISPR-Cas system or complex or guide is spatialy or temporally
controlled. For example, the activity and destination of the 3 CRISPR-Cas system or complex or
guide may be controlled by an escort RNA aptamer sequence that has binding affinity for an
aptamer ligand, such as a cell surface protein or other localized cellular component.
Alternatively, the escort aptamer may for example be responsive to an aptamer effector on or in
the cell, such as atransient effector, such as an external energy source that is applied to the cell
a aparticular time.

[00450] The escorted CRISPR-Cas systems or complexes have a guide molecule with a
functional structure designed to improve guide molecule structure, architecture, stability, genetic
expression, or any combination thereof. Such a structure can include an aptamer.

[00451] Aptamers are biomolecules that can be designed or selected to bind tightly to other
ligands, for example using a technique called systematic evolution of ligands by exponential
enrichment (SELEX; Tuerk C, Gold L: "Systematic evolution of ligands by exponential
enrichment: RNA ligands to bacteriophage T4 DNA polymerase.” Science 1990, 249:505-510).
Nucleic acid aptamers can for example be selected from pools of random-sequence
oligonucleotides, with high binding affinities and specificities for awide range of biomedically
relevant targets, suggesting a wide range of therapeutic utilities for aptamers (Keefe, Anthony
D., Supriya Pai, and Andrew Ellington. "Aptamers as therapeutics." Nature Reviews Drug
Discovery 9.7 (2010): 537-550). These characteristics also suggest a wide range of uses for
aptamers as drug delivery vehicles (Levy-Nissenbaum, Etgar, et a. "Nanotechnology and

aptamers. applications in drug delivery." Trends in biotechnology 26.8 (2008): 442-449; and,
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Hicke BJ, Stephens AW. "Escort aptamers. a delivery service for diagnosis and therapy." J Clin
Invest 2000, 106:923-928.). Aptamers may also be constructed that function as molecular
switches, responding to a que by changing properties, such as RNA aptamers that bind
fluorophores to mimic the activity of green flourescent protein (Paige, Jeremy S., Karen Y. Wu,
and Sarnie R. Jaffrey. "RNA mimics of green fluorescent protein." Science 333.6042 (201 1):
642-646). It has also been suggested that aptamers may be used as components of targeted
SIRNA therapeutic delivery systems, for example targeting cell surface proteins (Zhou, Jiehua,
and John J. Ross. "Aptamer-targeted cell-specific RNA interference.” Silence 1.1 (2010): 4).
[00452]  Accordingly, in particular embodiments, the guide molecule is modified, e.g., by one
or more aptamer(s) designed to improve guide molecule delivery, including delivery across the
cellular membrane, to intracellular compartments, or into the nucleus. Such a structure can
include, either in addition to the one or more aptamer(s) or without such one or more aptamer(s),
moiety(ies) so asto render the guide molecule deliverable, inducible or responsive to a selected
effector. The invention accordingly comprehends an guide molecule that responds to normal or
pathological physiological conditions, including without limitation pH, hypoxia, 02
concentration, temperature, protein concentration, enzymatic concentration, lipid structure, light
exposure, mechanical disruption (e.g. ultrasound waves), magnetic fields, electric fields, or
electromagnetic radiation.

[00453] Light responsiveness of an inducible system may be achieved via the activation and
binding of cryptochrome-2 and CIB1. Blue light stimulation induces an activating
conformational change in cryptochrome-2, resulting in recruitment of its binding partner CIBL1.
This binding isfast and reversible, achieving saturation in <15 sec following pulsed stimulation
and returning to baseline <15 min after the end of stimulation. These rapid binding kinetics result
in a system temporally bound only by the speed of transcription/trandation and transcript/protein
degradation, rather than uptake and clearance of inducing agents. Crytochrome-2 activation is
also highly sensitive, allowing for the use of low light intensity stimulation and mitigating the
risks of phototoxicity. Further, in a context such as the intact mammalian brain, variable light
intensity may be used to control the size of a stimulated region, allowing for greater precision
than vector delivery alone may offer.

[00454]  The invention contemplates energy sources such as electromagnetic radiation, sound

energy or thermal energy to induce the guide. Advantageously, the electromagnetic radiation isa
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component of visible light. In a preferred embodiment, the light is a blue light with a
wavelength of about 450 to about 495 nm. In an especiadly preferred embodiment, the
wavelength is about 488 nm. In another preferred embodiment, the light stimulation is via
pulses. The light power may range from about 0-9 mW/cm2. In a preferred embodiment, a
stimulation paradigm of aslow as 0.25 sec every 15 sec should result in maximal activation.
[00455] The chemical or energy sensitive guide may undergo a conformational change upon
induction by the binding of a chemica source or by the energy allowing it act as a guide and
have the Casl3 CRISPR-Cas system or complex function. The invention can involve applying
the chemical source or energy so as to have the guide function and the Casl3 CRISPR-Cas
system or complex function; and optionally further determining that the expression of the
genomic locus is altered.

[00456] There are several different designs of this chemica inducible system: 1. ABI-PYL
based system inducible by Abscisic Acid (ABA) (see, eg.
http://stke.sciencemag.org/cgi/content/abstract/sigtrans;4/164/rs2), 2. FKBP-FRB based system
inducible by rapamycin (or related chemicals based on rapamycin) (see, eg.,
http://www.nature.com/nmeth/journal/v2/n6/full/nmeth763.ntml), 3. GID1-GAl based system
inducible by Gibberellin (GA) (see, eg.
http://www.nature.com/nchembio/journal /v8/n5/full/nchembio.922.html).

[00457] A chemical inducible system can be an estrogen receptor (ER) based system inducible
by 4-hydroxytamoxifen (40HT) (see, e.g., http://www.pnas.Org/content/104/3/1027.abstract). A
mutated ligand-binding domain of the estrogen receptor called ERT2 translocates into the
nucleus of cells upon binding of 4-hydroxytamoxifen. In further embodiments of the invention
any naturally occurring or engineered derivative of any nuclear receptor, thyroid hormone
receptor, retinoic acid receptor, estrogren receptor, estrogen-related receptor, glucocorticoid
receptor, progesterone receptor, androgen receptor may be used in inducible systems analogous
to the ER based inducible system.

[00458]  Another inducible system is based on the design using Transient receptor potential
(TRP) ion channel based system inducible by energy, heat or radio-wave (see, e.g.,
http://www.sciencemag.org/content/336/6081/604). These TRP family proteins respond to
different stimuli, including light and heat. When this protein is activated by light or heat, the ion

channel will open and allow the entering of ions such as calcium into the plasma membrane. This
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influx of ions will bind to intracellular ion interacting partners linked to a polypeptide including
the guide and the other components of the Casd3 CRISPR-Cas complex or system, and the
binding will induce the change of sub-cellular localization of the polypeptide, leading to the
entire polypeptide entering the nucleus of cells. Once inside the nucleus, the guide protein and
the other components of the Casl3 CRISPR-Cas complex will be active and modulating target
gene expression in cells.

[00459] While light activation may be an advantageous embodiment, sometimes it may be
disadvantageous especially for in vivo applications in which the light may not penetrate the skin
or other organs. In this instance, other methods of energy activation are contemplated, in
particular, electric field energy and/or ultrasound which have a similar effect.

[00460] Electric field energy is preferably administered substantially as described in the art,
using one or more electric pulses of from about 1 Volt/cm to about 10 kVolts/cm under in vivo
conditions. Instead of or in addition to the pulses, the electric field may be delivered in a
continuous manner. The electric pulse may be applied for between 1 us and 500 milliseconds,
preferably between 1pus and 100 milliseconds. The electric field may be applied continuously or
in apulsed manner for 5 about minutes.

[00461] As used herein, 'électric field energy' is the electrical energy to which a cel is
exposed. Preferably the electric field has a strength of from about 1 Volt/cm to about 10
kVolts’cm or more under in vivo conditions (see W0O97/49450).

[00462] As used herein, the term "electric field" includes one or more pulses a variable
capacitance and voltage and including exponential and/or square wave and/or modulated wave
and/or modulated square wave forms. References to electric fields and electricity should be taken
to include reference the presence of an electric potential difference in the environment of a cell.
Such an environment may be set up by way of static electricity, alternating current (AC), direct
current (DC), etc, as known in the art. The electric field may be uniform, non-uniform or
otherwise, and may vary in strength and/or direction in atime dependent manner.

[00463] Single or multiple applications of electric field, as well as single or multiple
applications of ultrasound are also possible, in any order and in any combination. The ultrasound
and/or the electric field may be delivered as single or multiple continuous applications, or as

pulses (pulsatile delivery).
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[00464]  Electroporation has been used in both in vitro and in vivo procedures to introduce
foreign materia into living cells. With in vitro applications, a sample of live cells isfirst mixed
with the agent of interest and placed between electrodes such as parallel plates. Then, the
electrodes apply an electrical field to the cell/implant mixture. Examples of systems that perform
in vitro electroporation include the Electro Cell Manipulator ECM600 product, and the Electro
Square Porator T820, both made by the BTX Division of Genetronics, Inc (see U.S. Pat. No
5,869,326).

[00465] The known electroporation techniques (both in vitro and in vivo) function by
applying a brief high voltage pulse to electrodes positioned around the treatment region. The
electric field generated between the electrodes causes the cell membranes to temporarily become
porous, whereupon molecules of the agent of interest enter the cells. In known electroporation
applications, this electric field comprises a single square wave pulse on the order of 1000 V/cm,
of about 100 .mu.s duration. Such a pulse may be generated, for example, in known applications
of the Electro Square Porator T820.

[00466] Preferably, the electric field has a strength of from about 1V/cm to about 10 kV/cm
under in vitro conditions. Thus, the electric field may have a strength of 1 V/cm, 2 V/cm, 3
Viecm, 4 V/ecm, 5 V/em, 6 V/em, 7 V/em, 8 V/ecm, 9 V/cm, 10 V/em, 20 V/em, 50 V/cm, 100
V/cm, 200 V/em, 300 V/em, 400 V/em, 500 V/ecm, 600 V/cm, 700 V/cm, 800 V/cm, 900 V/cm, 1
kV/cm, 2 kV/cm, 5 kV/cm, 10 kV/cm, 20 kV/cm, 50 kV/cm or more. More preferably from
about 0.5 kV/cm to about 4.0 kV/cm under in vitro conditions. Preferably the electric field has a
strength of from about 1V/cm to about 10 kV/cm under in vivo conditions. However, the electric
field strengths may be lowered where the number of pulses delivered to the target site are
increased. Thus, pulsatile delivery of electric fields at lower field strengths is envisaged.

[00467] Preferably the application of the electric field isin the form of multiple pulses such as
double pulses of the same strength and capacitance or sequential pulses of varying strength
and/or capacitance. As used herein, the term "pulse" includes one or more electric pulses at
variable capacitance and voltage and including exponential and/or square wave and/or modulated
wave/square wave forms.

[00468] Preferably the electric pulse is delivered as a waveform selected from an exponential

wave form, a square wave form, a modulated wave form and amodulated square wave form.
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[00469] A preferred embodiment employs direct current at low voltage. Thus, Applicants
disclose the use of an electric field which is applied to the cell, tissue or tissue mass a afield
strength of between 1V/cm and 20V/cm, for aperiod of 100 milliseconds or more, preferably 15
minutes or more.

[00470] Ultrasound is advantageously administered at a power level of from about 0.05
W/cm2 to about 100 W/cm2. Diagnostic or therapeutic ultrasound may be used, or combinations
thereof.

[00471] Asused herein, the term "ultrasound" refers to a form of energy which consists of
mechanical vibrations the frequencies of which are so high they are above the range of human
hearing. Lower frequency limit of the ultrasonic spectrum may generally be taken as about 20
kHz. Most diagnostic applications of ultrasound employ frequencies in the range 1and 15 MHZ'
(From Ultrasonics in Clinical Diagnosis, P. N. T. Wells, ed., 2nd. Edition, Publ. Churchill
Livingstone [Edinburgh, London & NY, 1977]).

[00472]  Ultrasound has been used in both diagnostic and therapeutic applications. When used
as a diagnostic tool ("diagnostic ultrasound"), ultrasound istypically used in an energy density
range of up to about 100 mW/cm2 (FDA recommendation), although energy densities of up to
750 mW/cm2 have been used. In physiotherapy, ultrasound istypically used as an energy source
in arange up to about 3 to 4 W/cm2 (WHO recommendation). In other therapeutic applications,
higher intensities of ultrasound may be employed, for example, HIFU a 100 W/cm up to 1
kW/cm2 (or even higher) for short periods of time. The term "ultrasound’ as used in this
specification isintended to encompass diagnostic, therapeutic and focused ultrasound.

[00473] Focused ultrasound (FUS) allows thermal energy to be delivered without an invasive
probe (see Morocz et al 1998 Journa of Magnetic Resonance Imaging Vol.8, No. 1, pp. 136-142.
Another form of focused ultrasound is high intensity focused ultrasound (HIFU) which is
reviewed by Moussatov et al in Ultrasonics (1998) Vol.36, No. 8, pp.893-900 and TranHuuHue et
al in Acustica (1997) Vol.83, No.6, pp. 1103-1 106.

[00474]  Preferably, a combination of diagnostic ultrasound and a therapeutic ultrasound is
employed. This combination isnot intended to be limiting, however, and the skilled reader will
appreciate that any variety of combinations of ultrasound may be used. Additionally, the energy

density, frequency of ultrasound, and period of exposure may be varied.
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[00475] Preferably the exposure to an ultrasound energy source is at a power density of from
about 0.05 to about 100 Wcm-2. Even more preferably, the exposure to an ultrasound energy
source isa apower density of from about 1to about 15 Wcm-2.

[00476] Preferably the exposure to an ultrasound energy source is a a frequency of from
about 0.015 to about 10.0 MHz. More preferably the exposure to an ultrasound energy source is
a afrequency of from about 0.02 to about 5.0 MHz or about 6.0 MHz. Most preferably, the
ultrasound isapplied a afrequency of 3MHz.

[00477] Preferably the exposure is for periods of from about 10 milliseconds to about 60
minutes. Preferably the exposure isfor periods of from about 1 second to about 5 minutes. More
preferably, the ultrasound is applied for about 2 minutes. Depending on the particular target cell
to be disrupted, however, the exposure may be for a longer duration, for example, for 15
minutes.

[00478]  Advantageoudly, the target tissue is exposed to an ultrasound energy source a an
acoustic power density of from about 0.05 Wem-2 to about 10 Wem-2 with afrequency ranging
from about 0.015 to about 10 MHz (see WO 98/52609). However, aternatives are also possible,
for example, exposure to an ultrasound energy source a an acoustic power density of above 100
Wcem-2, but for reduced periods of time, for example, 1000 Wem-2 for periods in the millisecond
range or less.

[00479]  Preferably the application of the ultrasound isin the form of multiple pulses; thus,
both continuous wave and pulsed wave (pulsatile delivery of ultrasound) may be employed in
any combination. For example, continuous wave ultrasound may be applied, followed by pulsed
wave ultrasound, or vice versa. This may be repeated any number of times, in any order and
combination. The pulsed wave ultrasound may be applied against a background of continuous
wave ultrasound, and any number of pulses may be used in any number of groups.

[00480] Preferably, the ultrasound may comprise pulsed wave ultrasound. In a highly
preferred embodiment, the ultrasound is applied a apower density of 0.7 Wem-2 or 1.25 Wcm-2
as a continuous wave. Higher power densities may be employed if pulsed wave ultrasound is
used.

[00481] Use of ultrasound is advantageous as, like light, it may be focused accurately on a
target. Moreover, ultrasound is advantageous as it may be focused more deeply into tissues

unlike light. It istherefore better suited to whole-tissue penetration (such as but not limited to a
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lobe of the liver) or whole organ (such as but not limited to the entire liver or an entire muscle,
such as the heart) therapy. Another important advantage is that ultrasound is a non-invasive
stimulus which isused in a wide variety of diagnostic and therapeutic applications. By way of
example, ultrasound is well known in medical imaging techniques and, additionaly, in
orthopedic therapy. Furthermore, instruments suitable for the application of ultrasound to a
subject vertebrate are widely available and their use iswell known in the art.

[00482]  In particular embodiments, the guide molecule ismodified by a secondary structure to
increase the specificity of the CRISPR-Cas system and the secondary structure can protect
against exonuclease activity and alow for 5' additions to the guide sequence also referred to
herein as a protected guide molecule.

[00483] In one aspect, the invention provides for hybridizing a"protector RNA" to a sequence
of the guide molecule, wherein the "protector RNA" isan RNA strand complementary to the 3'
end of the guide molecule to thereby generate a partially double-stranded guide RNA. In an
embodiment of the invention, protecting mismatched bases (i.e. the bases of the guide molecule
which do not form part of the guide sequence) with a perfectly complementary protector
sequence decreases the likelihood of target RNA binding to the mismatched basepairs at the 3'
end. In particular embodiments of the invention, additional sequences comprising an extented
length may also be present within the guide molecule such that the guide comprises a protector
sequence within the guide molecule. This "protector sequence’ ensures that the guide molecule
comprises a "protected sequence” in addition to an "exposed sequence’ (comprising the part of
the guide sequence hybridizing to the target sequence). In particular embodiments, the guide
molecule is modified by the presence of the protector guide to comprise a secondary structure
such as a hairpin. Advantageously there are three or four to thirty or more, e.g., about 10 or
more, contiguous base pairs having complementarity to the protected sequence, the guide
seguence or both. It is advantageous that the protected portion does not impede thermodynamics
of the CRISPR-Cas system interacting with its target. By providing such an extension including
a partially double stranded guide moleucle, the guide molecule is considered protected and
results in improved specific binding of the CRISPR-Cas complex, while maintaining specific
activity.

[00484] In particular embodiments, use is made of atruncated guide (tru-guide), i.e. a guide

molecule which comprises a guide sequence which is truncated in length with respect to the
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canonical guide sequence length. As described by Nowak et al. (Nucleic Acids Res (2016) 44
(20): 9555-9564), such guides may allow catalytically active CRISPR-Cas enzyme to bind its
target without cleaving the target RNA. In particular embodiments, a truncated guide is used
which allows the binding of the target but retains only nickase activity of the CRISPR-Cas
enzyme.
[00485] The present invention may be further illustrated and extended based on aspects of
CRISPR-Cas development and use as set forth in the following articles and particularly asrelates
to delivery of a CRISPR protein complex and uses of an RNA guided endonuclease in cells and
organisms:
[00486] Multiplex genome engineering using CRISPR-Cas systems. Cong, L., Ran, F.A.,
Cox, D., Lin, S, Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jang, W., Marraffini, L.A., &
Zhang, F. Science Feb 15;339(6121):819-23 (2013);
[00487] RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Jang W.,
Bikard D., Cox D., Zhang F, Marraffini LA. Nat Biotechnol Mar;31(3):233-9 (2013);
[00488] One-Step Generation of Mice Carrying Mutations in Multiple Genes by CRISPR-
Cas-Mediated Genome Engineering. Wang H., Yang H., Shivalila CS., Dawlaty MM., Cheng
AW., Zhang F., Jaenisch R. Cell May 9;153(4):910-8 (2013);
[00489] Optical control of mammalian endogenous transcription and epigenetic states.
Konermann S, Brigham MD, Trevino AE, Hsu PD, Heidenreich M, Cong L, Piatt RJ, Scott DA,
Church GM, Zhang F. Nature. Aug 22;500(7463):472-6. doi: 10.1038/Naturel2466. Epub 2013
Aug 23 (2013);
> Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing
Specificity. Ran, FA., Hsu, PD., Lin, CY., Gootenberg, JS., Konermann, S., Trevino,
AE., Scott, DA., Inoue, A., Matoba, S, Zhang, Y., & Zhang, F. Cell Aug 28. pii: S0092-
8674(13)01015-5 (2013-A);
> DNA targeting specificity of RNA-guided Cas9 nucleases. Hsu, P., Scott, D., Weinstein,
J, Ran, FA., Konermann, S, Agarwala, V., Li, Y., Fine, E., Wu, X., Shaem, O., Cradick,
TJ., Marraffini, LA., Bao, G., & Zhang, F. Nat Biotechnol doi: 10.1038/nbt.2647 (2013);
» Genome engineering using the CRISPR-Cas9 system. Ran, FA., Hsu, PD., Wright, J,
Agarwala, V., Scott, DA, Zhang, F.Nature Protocols Nov;8(l 1):2281-308 (2013-B);
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» Genome-Scale CRISPR-Cas9 Knockout Screening in Human Cells. Shalem, O., Sanjana,
NE., Hartenian, E., Shi, X., Scott, DA., Mikkelson, T., Heckl, D., Ebert, BL., Root, DE.,
Doench, JG, Zhang, F. Science Dec 12. (2013);

» Crystal structure of cas9 in complex with guide RNA and target DNA. Nishimasu, H ,
Ran, FA., Hsu, PD., Konermann, S., Shehata, 9., Dohmae, N., Ishitani, R., Zhang, F.,
Nureki, O. Cell Feb 27, 156(5):935-49 (2014);

» Genome-wide binding of the CRISPR endonuclease Cas9 in mammalian cells. Wu X.,
Scott DA., Kriz AJ., Chiu AC, Hsu PD., Dadon DB., Cheng AW., Trevino AE,
Konermann S, Chen S, Jaenisch R., Zhang F., Sharp PA. Nat Biotechnol. Apr 20. doi:
10.1038/nbt.2889 (2014);

» CRISPR-Cas9 Knockin Mice for Genome Editing and Cancer Modeling. Piatt RJ, Chen
S, Zhou Y, Yim MJ, Swiech L, Kempton HR, Dahlman JE, Parnas O, Eisenhaure TM,
Jovanovic M, Graham DB, Jhunjhunwala S, Heidenreich M, Xavier RJ, Langer R,
Anderson DG, Hacohen N, Regev A, Feng G, Sharp PA, Zhang F. Cell 159(2): 440-455
DOI: 10.1016/j.cell.2014.09.014(2014);

» Development and Applications of CRISPR-Cas9 for Genome Engineering, Hsu PD,
Lander ES, Zhang F., Cell. Jun 5;157(6):1262-78 (2014).

» Genetic screens in human cells using the CRISPR-Cas9 system, Wang T, Wei JJ,
Sabatini DM, Lander ES., Science. January 3; 343(6166):  80-84.
doi: 10. 1126/science. 1246981 (2014);

» Rational design of highly active sgRNAs for CRISPR-Cas9-mediated gene inactivation,
Doench JG, Hartenian E, Graham DB, Tothova Z, Hegde M, Smith I, Sullender M, Ebert
BL, Xavier RJ, Root DE., (published online 3 September 2014) Nat Biotechnol.
Dec;32(12): 1262-7 (2014);

» In vivo interrogation of gene function in the mammalian brain using CRISPR-Cas9,
Swiech L, Heidenreich M, Banerjee A, Habib N, Li Y, Trombetta J, Sur M, Zhang F.,
(published online 19 October 2014) Nat Biotechnol. Jan;33(I): 102-6 (2015);

» Genome-scale transcriptional activation by an engineered CRISPR-Cas9 complex,
Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, Barcena C, Hsu PD,
Habib N, Gootenberg JS, Nishimasu H, Nureki O, Zhang F., Nature. Jan
29;517(7536):583-8 (2015).
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» A 9split-Cas9 architecture for inducible genome editing and transcription modulation,
Zetsche B, Volz SE, Zhang F., (published online 02 February 2015) Nat Biotechnol.
Feb;33(2): 139-42 (2015);

» Genome-wide CRISPR Screen in a Mouse Model of Tumor Growth and Metastasis,
Chen S, Sanjana NE, Zheng K, Shaem O, Lee K, Shi X, Scott DA, Song J, Pan JQ,
Weisseder R, Lee H, Zhang F, Sharp PA. Cell 160, 1246-1260, March 12, 2015
(multiplex screen in mouse), and

» In vivo genome editing using Saphylococcus aureus Cas9, Ran FA, Cong L, Yan WX,
Scott DA, Gootenberg JS, Kriz AJ, Zetsche B, Shalem O, Wu X, Makarova KS, Koonin
EV, Shap PA, Zhang F., (published online 01 April 2015), Nature. Apr
9;520(7546): 186-91 (2015).

» Shadem e d. "High-throughput functiona genomics using CRISPR-Cas9," Nature
Reviews Genetics 16, 299-31 1 (May 2015).

» Xu e d., "Sequence determinants of improved CRISPR sgRNA design,” Genome
Research 25, 1147-1 157 (August 2015).

» Panas e a. "A Genome-wide CRISPR Screen in Primary Immune Cells to Dissect
Regulatory Networks," Cell 162, 675-686 (July 30, 2015).

» Ramanan et a., CRISPR-Cas9 cleavage of viral DNA efficiently suppresses hepatitis B
virus," Scientific Reports 5:10833. doi: 10.1038/srepl0833 (June 2, 2015)

> Nishimasu et a., Crystal Structure of Staphylococcus aureus Cas9," Cell 162, 1113-1126
(Aug. 27, 2015)

> BCL1 1A enhancer dissection by Cas9-mediated in situ saturating mutagenesis, Canver et
a., Nature 527(7577): 192-7 (Nov. 12, 2015) doi: 10.1038/naturel5521. Epub 2015 Sep
16.

» Cpfl Isa Sngle RNA-Guided Endonuclease d a Class 2 CRISPR-Cas System, Zetsche et
a., Cell 163, 759-71 (Sep 25, 2015).

» Discovery and Functional Characterization d Diverse Class 2 CRISPR-Cas Systems,
Shmakov et a., Molecular Cell, 60(3), 385-397 doi: 10.1016/j.molcel.2015. 10.008 Epub
October 22, 2015.

» Rationally engineered Cas9 nucleases with improved specificity, Slaymaker et al.,
Science 2016 Jan 1351(6268): 84-88 doi: 10.1 126/science.aad5227. Epub 2015 Dec 1.
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» Gaoetal, "Engineered Cpfl Enzymes with Altered PAM Specificities," bioRxiv 09161 1;

doi: http://dx.doi.org/10.1 101/09161 1 (Dec. 4, 2016).
each of which is incorporated herein by reference, may be considered in the practice of the
instant invention, and discussed briefly below:

» Cong et al. engineered type Il CRISPR-Cas systems for use in eukaryotic cells based on
both Streptococcus thermophilics Cas9 and also Streptococcus pyogenes Cas9 and
demonstrated that Cas9 nucleases can be directed by short RNAs to induce precise
cleavage of DNA in human and mouse cells. Their study further showed that Cas9 as
converted into a nicking enzyme can be used to facilitate homology-directed repair in
eukaryotic cells with minimal mutagenic activity. Additionally, their study demonstrated
that multiple guide sequences can be encoded into a single CRISPR array to enable
simultaneous editing of several a endogenous genomic loci sites within the mammalian
genome, demonstrating easy programmability and wide applicability of the RNA-guided
nuclease technology. This ability to use RNA to program sequence specific DNA
cleavage in cells defined a new class of genome engineering tools. These studies further
showed that other CRISPR loci are likely to be transplantable into mammalian cells and
can also mediate mammalian genome cleavage. Importantly, it can be envisaged that
several aspects of the CRISPR-Cas system can be further improved to increase its
efficiency and versatility.

» Jiang et al. used the clustered, regularly interspaced, short palindromic repeats
(CRISPR)-associated Cas9 endonuclease complexed with dual-RNAs to introduce
precise mutations in the genomes of Streptococcus pneumoniae and Escherichia coli. The
approach relied on dual -RNA: Cas9-directed cleavage a the targeted genomic site to kill
unmutated cells and circumvents the need for selectable markers or counter-selection
systems. The study reported reprogramming dua -RNA:Cas9 specificity by changing the
sequence of short CRISPR RNA (crRNA) to make single- and multinucleotide changes
carried on editing templates. The study showed that simultaneous use of two crRNAS
enabled multiplex mutagenesis. Furthermore, when the approach was used in
combination with recombineering, in S. pneumoniae, nearly 100% of cells that were
recovered using the described approach contained the desired mutation, and in E. cali,

65% that were recovered contained the mutation.
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» Wang et al. (2013) used the CRISPR-Cas system for the one-step generation of mice
carrying mutations in multiple genes which were traditionally generated in multiple steps
by sequentiad recombination in embryonic stem cells and/or time-consuming
intercrossing of mice with a single mutation. The CRISPR-Cas system will greatly
accelerate the in vivo study of functionally redundant genes and of epistatic gene
interactions.

> Konermann et al. (2013) addressed the need in the art for versatile and robust
technologies that enable optical and chemica modulation of DNA-binding domains
based CRISPR Cas9 enzyme and also Transcriptional Activator Like Effectors

> Ran et al. (2013-A) described an approach that combined a Cas9 nickase mutant with
paired guide RNAS to introduce targeted double-strand breaks. This addresses the issue
of the Cas9 nuclease from the microbial CRISPR-Cas system being targeted to specific
genomic loci by a guide sequence, which can tolerate certain mismatches to the DNA
target and thereby promote undesired off-target mutagenesis. Because individual nicks in
the genome are repaired with high fidelity, simultaneous nicking via appropriately offset
guide RNAs is required for double-stranded breaks and extends the number of
specifically recognized bases for target cleavage. The authors demonstrated that using
paired nicking can reduce off-target activity by 50- to 1,500-fold in cell lines and to
facilitate gene knockout in mouse zygotes without sacrificing on-target cleavage
efficiency. This versatile strategy enables a wide variety of genome editing applications
that require high specificity.

» Hsu et al. (2013) characterized SpCas9 targeting specificity in human cells to inform the
selection of target sites and avoid off-target effects. The study evaluated >700 guide RNA
variants and SpCas9-induced indel mutation levels a >100 predicted genomic off-target
loci in 293T and 293FT cells. The authors that SpCas9 tolerates mismatches between
guide RNA and target DNA at different positions in a sequence-dependent manner,
sensitive to the number, position and distribution of mismatches. The authors further
showed that SpCas9-mediated cleavage is unaffected by DNA methylation and that the
dosage of SpCas9 and guide RNA can be titrated to minimize off-target modification.

Additionally, to facilitate mammalian genome engineering applications, the authors
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reported providing a web-based software tool to guide the selection and validation of
target sequences aswell as off-target analyses.

» Ran et al. (2013-B) described a set of tools for Cas9-mediated genome editing via non-
homologous end joining (NHEJ) or homology-directed repair (HDR) in mammalian cells,
as well as generation of modified cell lines for downstream functiona studies. To
minimize off-target cleavage, the authors further described a double-nicking strategy
using the Cas9 nickase mutant with paired guide RNAsS. The protocol provided by the
authors experimentally derived guidelines for the selection of target sites, evaluation of
cleavage efficiency and analysis of off-target activity. The studies showed that beginning
with target design, gene modifications can be achieved within aslittle as 1-2 weeks, and
modified clonal cell lines can be derived within 2-3 weeks.

» Shalem et al. described anew way to interrogate gene function on a genome-wide scae.
Their studies showed that delivery of a genome-scale CRISPR-Cas9 knockout (GeCKO)
library targeted 18,080 genes with 64,751 unique guide sequences enabled both negative
and positive selection screening in human cells. First, the authors showed use of the
GeCKO library to identify genes essential for cell viability in cancer and pluripotent stem
cells. Next, in a melanoma model, the authors screened for genes whose loss is involved
in resistance to vemurafenib, a therapeutic that inhibits mutant protein kinase BRAF.
Their studies showed that the highest-ranking candidates included previously validated
genes NF1 and MED12 aswell as novel hits NF2, CUL3, TADA2B, and TADALl. The
authors observed a high level of consistency between independent guide RNAS targeting
the same gene and a high rate of hit confirmation, and thus demonstrated the promise of
genome-scale screening with Caso.

» Nishimasu et al. reported the crystal structure of Streptococcus pyogenes Cas9 in
complex with sgRNA and its target DNA a 2.5 A° resolution. The structure revedled a
bilobed architecture composed of target recognition and nuclease lobes, accommodating
the sgRNA:DNA heteroduplex in a positively charged groove at their interface. Whereas
the recognition lobe isessential for binding sgRNA and DNA, the nuclease lobe contains
the HNH and RuvC nuclease domains, which are properly positioned for cleavage of the
complementary and non-complementary strands of the target DNA, respectively. The

nuclease lobe aso contains a carboxyl-terminal domain responsible for the interaction
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with the protospacer adjacent motif (PAM). This high-resolution structure and
accompanying functional analyses have revealed the molecular mechanism of RNA-
guided DNA targeting by Cas9, thus paving the way for the rational design of new,
versatile genome-editing technologies.

> Wu et al. mapped genome-wide binding sites of a catalytically inactive Cas9 (dCas9)
from Streptococcus pyogenes loaded with single guide RNAs (sgRNAS) in mouse
embryonic stem cells (MESCs). The authors showed that each of the four sgRNAS tested
targets dCas9 to between tens and thousands of genomic sites, frequently characterized
by a 5-nucleotide seed region in the sgRNA and an NGG protospacer adjacent motif
(PAM). Chromatin inaccessibility decreases dCas9 binding to other sites with matching
seed sequences; thus 70% of off-target sites are associated with genes. The authors
showed that targeted sequencing of 295 dCas9 binding sites in mESCs transfected with
catalytically active Cas9 identified only one site mutated above background levels. The
authors proposed a two-state model for Cas9 binding and cleavage, in which a seed
match triggers binding but extensive pairing with target DNA isrequired for cleavage.

» Piatt et al. established a Cre-dependent Cas9 knockin mouse. The authors demonstrated
in vivo as well as ex vivo genome editing using adeno-associated virus (AAV)-,
lentivirus-, or particle-mediated delivery of guide RNA in neurons, immune cells, and
endothelial cells.

» Hsu et al. (2014) isareview article that discusses generaly CRISPR-Cas9 history from
yogurt to genome editing, including genetic screening of cells.

» Wang et al. (2014) relates to a pooled, loss-of-function genetic screening approach
suitable for both positive and negative selection that uses a genome-scale lentiviral single
guide RNA (sgRNA) library.

> Doench et al. created apool of sgRNAS, tiling across al possible target sites of a panel of
six endogenous mouse and three endogenous human genes and quantitatively assessed
their ability to produce null alleles of their target gene by antibody staining and flow
cytometry. The authors showed that optimization of the PAM improved activity and also
provided an on-line tool for designing sgRNAS.

» Swiech et al. demonstrate that AAV-mediated SpCas9 genome editing can enable reverse

genetic studies of gene function in the brain.

115



WO 2019/094984 PCT/US2018/060860

> Konermann et al. (2015) discusses the ability to attach multiple effector domains, e.g.,
transcriptional activator, functional and epigenomic regulators at appropriate positions on
the guide such as stem or tetraloop with and without linkers.

» Zetsche et al. demonstrates that the Cas9 enzyme can be split into two and hence the
assembly of Cas9 for activation can be controlled.

> Chen et al. relates to multiplex screening by demonstrating that a genome-wide in vivo
CRISPR-Cas9 screen in mice reveals genes regulating lung metastasis.

> Ran et al. (2015) relates to SaCas9 and its ability to edit genomes and demonstrates that
one cannot extrapolate from biochemical assays.

» Shalem et al. (2015) described ways in which catayticaly inactive Cas9 (dCas9) fusions
are used to synthetically repress (CRISPRI) or activate (CRISPRa) expression, showing.
advances using Cas9 for genome-scale screens, including arrayed and pooled screens,
knockout approaches that inactivate genomic loci and strategies that modulate
transcriptional activity.

> Xu et al. (2015) assessed the DNA sequence features that contribute to single guide RNA
(sgRNA) efficiency in CRISPR-based screens. The authors explored efficiency of
CRISPR-Cas9 knockout and nucleotide preference at the cleavage site. The authors also
found that the sequence preference for CRISPRI/a is substantially different from that for
CRISPR-Cas9 knockout.

» Parnas et al. (2015) introduced genome-wide pooled CRISPR-Cas9 libraries into
dendritic cells (DCs) to identify genes that control the induction of tumor necrosis factor
(Tnf) by bacteria lipopolysaccharide (LPS). Known regulators of Tlr4 signaling and
previously unknown candidates were identified and classified into three functional
modules with distinct effects on the canonical responses to LPS.

» Ramanan et al (2015) demonstrated cleavage of viral episomal DNA (cccDNA) in
infected cells. The HBV genome exists in the nuclei of infected hepatocytes as a 3.2kb
double-stranded episomal DNA species called covaently closed circular DNA
(cccDNA), which is a key component in the HBV life cycle whose replication is not
inhibited by current therapies. The authors showed that sgRNAS specifically targeting
highly conserved regions of HBV robustly suppresses viral replication and depleted
cccDNA.
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> Nishimasu et al. (2015) reported the crystal structures of SaCas9 in complex with a single
guide RNA (sgRNA) and its double-stranded DNA targets, containing the 5-TTGAAT-3'
PAM and the 5-TTGGGT-3' PAM. A structura comparison of SaCas9 with SpCas9
highlighted both structural conservation and divergence, explaining their distinct PAM
specificities and orthologous sgRNA recognition.

» Canver etal. (2015) demonstrated a CRISPR-Cas9-based functional investigation of non-
coding genomic elements. The authors we developed pooled CRISPR-Cas9 guide RNA
libraries to perform in sSitu saturating mutagenesis of the human and mouse BCL1 1A
enhancers which revealed critical features of the enhancers.

» Zetsche e a. (2015) reported characterization of Cpfl, aclass 2 CRISPR nuclease from
Francisella novicida U 112 having features distinct from Cas9. Cpfl is a single RNA-
guided endonuclease lacking tracrRNA, utilizes a T-rich protospacer-adjacent motif, and
cleaves DNA via a staggered DNA double-stranded break.

» Shmakov e a. (2015) reported three distinct Class 2 CRISPR-Cas systems. Two system
CRISPR enzymes (C2cl and C2c3) contain RuvC-like endonuclease domains distantly
related to Cpfl. Unlike Cpfl, C2cl depends on both crRNA and tracrRNA for DNA
cleavage. The third enzyme (C2c2) contains two predicted HEPN RNase domains and is
tracrRNA independent.

» Slaymaker et a (2016) reported the use of structure-guided protein engineering to
improve the specificity of Streptococcus pyogenes Cas9 (SpCas9). The authors
developed "enhanced specificity” SpCas9 (eSpCas9) variants which maintained robust
on-target cleavage with reduced off-target effects.

[00490] The methods and tools provided herein are may be designed for use with or Casl3, a
type |1 nuclease that does not make use of tracrRNA. Orthologs of Cad3 have been identified in
different bacterial species as described herein. Further type 11 nucleases with similar properties
can be identified using methods described in the art (Shmakov et a. 2015, 60:385-397;

Abudayeh et al. 2016, Science, 5;353(6299)). In particular embodiments, such methods for
identifying novel CRISPR effector proteins may comprise the steps of selecting sequences from
the database encoding a seed which identifies the presence of a CRISPR Cas locus, identifying
loci located within 10 kb of the seed comprising Open Reading Frames (ORFS) in the selected

sequences, selecting therefrom loci comprising ORFs of which only a single ORF encodes a
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novel CRISPR effector having greater than 700 amino acids and no more than 90% homology to
aknown CRISPR effector. In particular embodiments, the seed isaprotein that is common to the
CRISPR-Cas system, such as Cadl. In further embodiments, the CRISPR array isused as a seed
to identify new effector proteins.

[00491] Also, "Dimeric CRISPR RNA-guided Fokl nucleases for highly specific genome
editing”, Shengdar Q. Tsai, Nicolas Wyvekens, Cyd Khayter, Jennifer A. Foden, Visha Thapar,
Deepak Reyon, Mathew J. Goodwin, Martin J. Aryee, J. Keith Joung Nature Biotechnology
32(6): 569-77 (2014), relates to dimeric RNA-guided Fokl Nucleases that recognize extended
sequences and can edit endogenous genes with high efficiencies in human cells.

[00492]  With respect to general information on CRISPR/Cas Systems, components thereof,
and delivery of such components, including methods, materials, delivery vehicles, vectors,
particles, and making and using thereof, including asto amounts and formulations, as well as
CRISPR-Cas-expressing eukaryotic cells, CRISPR-Cas expressing eukaryotes, such as a mouse,
reference is made to: US Patents Nos. 8,999,641, 8,993,233, 8,697,359, 8,771,945, 8,795,965,
8,865,406, 8,871,445, 8,889,356, 8,889,418, 8,895,308, 8,906,616, 8,932,814, and 8,945,839; US
Patent Publications US 2014-0310830 (US App. Ser. No. 14/105,031), US 2014-0287938 Al
(U.S. App. Ser. No. 14/213,991), US 2014-0273234 Al (U.S. App. Ser. No. 14/293,674),
US2014-0273232 Al (U.S. App. Ser. No. 14/290,575), US 2014-0273231 (U.S. App. Ser. No.
14/259,420), US 2014-0256046 Al (U.S. App. Ser. No. 14/226,274), US 2014-0248702 Al
(U.S. App. Ser. No. 14/258,458), US 2014-0242700 Al (U.S. App. Ser. No. 14/222,930), US
2014-0242699 Al (U.S. App. Ser. No. 14/183,512), US 2014-0242664 Al (U.S. App. Ser. No.
14/104,990), US 2014-0234972 Al (U.S. App. Ser. No. 14/183,471), US 2014-0227787 Al
(U.S. App. Ser. No. 14/256,912), US 2014-0189896 Al (U.S. App. Ser. No. 14/105,035), US
2014-0186958 (U.S. App. Ser. No. 14/105,017), US 2014-0186919 Al (U.S. App. Ser. No.
14/104,977), US 2014-0186843 Al (U.S. App. Ser. No. 14/104,900), US 2014-0179770 Al
(U.S. App. Ser. No. 14/104,837) and US2014-0179006 Al (U.S. App. Ser. No. 14/183,486), US
2014-0170753 (US App Ser No 14/183429); US 2015-0184139 (U.S. App. Ser. No.
14/324,960); 14/054,414 European Patent Applications EP 2 771 468 (EP13818570.7), EP 2
764 103 (EP13824232.6), and EP 2 784 162 (EP14170383.5); and PCT Patent Publications
W02014/093661 (PCT/US20 13/074743), W02014/093694 (PCT/US20 13/074790),
W02014/093595 (PCT/US20 13/0746 11), W02014/093718 (PCT/US20 13/074825),
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WQO20 14/093709 (PCT/US20 13/0748 12), WQO20 14/093622 (PCT/US20 13/074667),
W02014/093635 (PCT/US20 13/074691), W02014/093655 (PCT/US20 13/074736),
WO20 14/0937 12 (PCT/US20 13/0748 19), WQO20 14/093701 (PCT/US20 13/074800),
WQO20 14/018423 (PCT/US2013/051418) , WO20 14/204723 (PCT/US20 14/04 1790),
WQO20 14/204724 (PCT/US20 14/04 1800), WO20 14/204725 (PCT/US2014/041803) ,
WQO20 14/204726 (PCT/US20 14/041804), WO20 14/204727 (PCT/US20 14/04 1806),
WQO20 14/204728 (PCT/US20 14/04 1808), WO20 14/204729 (PCT/US20 14/041809),
WQO20 15/089351 (PCT/US20 14/069897), WQ20 15/0893 54 (PCT/US20 14/069902),
W02015/089364 (PCT/US20 14/069925), WO20 15/089427 (PCT/US20 14/070068),
WO20 15/089462 (PCT/US20 14/070127), WO20 15/0894 19 (PCT/US2014/070057) ,
WO20 15/089465 (PCT/US2014/070135) , WO20 15/089486 (PCT/US20 14/070175),
W02015/058052 (PCT/US20 14/06 1077), WO20 15/070083 (PCT/US2014/064663) |
WQ20 15/0893 54 (PCT/US20 14/069902), WQO20 15/089351 (PCT/US20 14/069897),
W02015/089364 (PCT/US20 14/069925), WO20 15/089427 (PCT/US20 14/070068),
WO20 15/089473 (PCT/US20 14/070152), WO20 15/089486 (PCT/US20 14/070175),
WO20 16/049258 (PCT/US20 15/05 1830), WO20 16/094867 (PCT/US20 15/0653 85),
WO20 16/094872 (PCT/US2015/065393) , WO20 16/094874 (PCT/US2015/065396) ,

WQO20 16/106244 (PCT/US20 15/067 177).

[00493] Mention is aso made of US application 62/180,709, 17-Jun-15, PROTECTED
GUIDE RNAS (PGRNAS); U S application 62/091,455, filed, 12-Dec-14, PROTECTED GUIDE
RNAS (PGRNAS); US application 62/096,708, 24-Dec-14, PROTECTED GUIDE RNAS
(PGRNAYS); US applications 62/091,462, 12-Dec-14, 62/096,324, 23-Dec-14, 62/180,681, 17-
Jun-2015, and 62/237,496, 5-Oct-2015, DEAD GUIDES FOR CRISPR TRANSCRIPTION
FACTORS; US application 62/091,456, 12-Dec-14 and 62/180,692, 17-Jun-2015, ESCORTED
AND FUNCTIONALIZED GUIDES FOR CRISPR-CAS SYSTEMS, US application
62/091,461, 12-Dec-14, DELIVERY, USE AND THERAPEUTIC APPLICATIONS OF THE
CRISPR-CAS SYSTEMS AND COMPOSITIONS FOR GENOME EDITING AS TO
HEMATOPOETIC STEM CELLS (HSCs); US application 62/094,903, 19-Dec-14, UNBIASED
IDENTIFICATION OF DOUBLE-STRAND BREAKS AND GENOMIC REARRANGEMENT
BY GENOME-WISE INSERT CAPTURE SEQUENCING; U S application 62/096,761, 24-Dec-
14, ENGINEERING OF SYSTEMS, METHODS AND OPTIMIZED ENZYME AND GUIDE
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SCAFFOLDS FOR SEQUENCE MANIPULATION; US application 62/098,059, 30-Dec-14,
62/181,641, 18-Jun-2015, and 62/181,667, 18-Jun-2015, RNA-TARGETING SYSTEM; US
application 62/096,656, 24-Dec-14 and 62/181,151, 17-Jun-2015, CRISPR HAVING OR
ASSOCIATED WITH DESTABILIZATION DOMAINS; US application 62/096,697, 24-Dec-
14, CRISPR HAVING OR ASSOCIATED WITH AAV; U'S application 62/098,158, 30-Dec-14,
ENGINEERED CRISPR COMPLEX INSERTIONAL TARGETING SYSTEMS, US
application 62/151,052, 22-Apr-15, CELLULAR TARGETING FOR EXTRACELLULAR
EXOSOMAL REPORTING; US application 62/054,490, 24-Sep-14, DELIVERY, USE AND
THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS SYSTEMS AND COMPOSITIONS
FOR TARGETING DISORDERS AND DISEASES USING PARTICLE DELIVERY
COMPONENTS; USapplication 61/939,154, 12-F EB-14, SYSTEMS, METHODS AND
COMPOSITIONS FOR SEQUENCE MANIPULATION WITH OPTIMIZED FUNCTIONAL
CRISPR-CAS SYSTEMS; US application 62/055,484, 25-Sep-14, SYSTEMS, METHODS
AND COMPOSITIONS FOR SEQUENCE MANIPULATION WITH OPTIMIZED
FUNCTIONAL CRISPR-CAS SYSTEMS; US application 62/087,537, 4-Dec-14, SYSTEMS,
METHODS AND COMPOSITIONS FOR SEQUENCE MANIPULATION WITH OPTIMIZED
FUNCTIONAL CRISPR-CAS SYSTEMS; US application 62/054,651, 24-Sep-14, DELIVERY,
USE AND THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS SYSTEMS AND
COMPOSITIONS FOR MODELING COMPETITION OF MULTIPLE CANCER
MUTATIONS IN VIVO; US application 62/067,886, 23-Oct-14, DELIVERY, USE AND
THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS SYSTEMS AND COMPOSITIONS
FOR MODELING COMPETITION OF MULTIPLE CANCER MUTATIONS IN VIVO; US
applications 62/054,675, 24-Sep-14 and 62/181,002, 17-Jun-2015, DELIVERY, USE AND
THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS SYSTEMS AND COMPOSITIONS
IN NEURONAL CELLS/TISSUES, US application 62/054,528, 24-Sep-14, DELIVERY, USE
AND THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS SYSTEMS AND
COMPOSITIONS IN IMMUNE DISEASES OR DISORDERS; US application 62/055,454, 25-
Sep-14, DELIVERY, USE AND THERAPEUTIC APPLICATIONS OF THE CRISPR-CAS
SYSTEMS AND COMPOSITIONS FOR TARGETING DISORDERS AND DISEASES
USING CELL PENETRATION PEPTIDES (CPP); US application 62/055,460, 25-Sep-14,
MULTIFUNCTIONAL-CRISPR COMPLEXES AND/OR OPTIMIZED ENZYME LINKED
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FUNCTIONAL-CRISPR COMPLEXES; US application 62/087,475, 4-Dec-14 and 62/181,690,
18-Jun-2015, FUNCTIONAL SCREENING WITH OPTIMIZED FUNCTIONAL CRISPR-CAS
SYSTEMS; US application 62/055,487, 25-Sep-14, FUNCTIONAL SCREENING WITH
OPTIMIZED FUNCTIONAL CRISPR-CAS SYSTEMS; US application 62/087,546, 4-Dec-14
and 62/181,687, 18-Jun-2015, MULTIFUNCTIONAL CRISPR COMPLEXES AND/OR
OPTIMIZED ENZYME LINKED FUNCTIONAL-CRISPR COMPLEXES; and U S application
62/098,285, 30-Dec-14, CRISPR MEDIATED IN VIVO MODELING AND GENETIC
SCREENING OF TUMOR GROWTH AND METASTASIS.

[00494] Mention is made of US applications 62/181,659, 18-Jun-2015 and 62/207,318, 19-
Aug-2015, ENGINEERING AND OPTIMIZATION OF SYSTEMS, METHODS, ENZYME
AND GUIDE SCAFFOLDS OF CAS9 ORTHOLOGS AND VARIANTS FOR SEQUENCE
MANIPULATION. Mention is made of US applications 62/181,663, 18-Jun-2015 and
62/245,264, 22-Oct-2015, NOVEL CRISPR ENZYMES AND SYSTEMS, US applications
62/181,675, 18-Jun-2015, 62/285,349, 22-Oct-2015, 62/296,522, 17-Feb-2016, and 62/320,231,
8-Apr-2016, NOVEL CRISPR ENZYMES AND SYSTEMS, US application 62/232,067, 24-
Sep-2015, U S Application 14/975,085, 18-Dec-2015, European application No. 16150428.7, US
application 62/205,733, 16-Aug-2015, US application 62/201,542, 5-Aug-2015, U S application
62/193,507, 16-M-2015, and US application 62/181,739, 18-Jun-2015, each entitted NOVEL
CRISPR ENZYMES AND SYSTEMS and of U S application 62/245,270, 22-Oct-2015, NOVEL
CRISPR ENZYMES AND SYSTEMS. Mention is also made of US application 61/939,256, 12-
Feb-2014, and WO 2015/089473 (PCT/US2014/070152), 12-Dec-2014, each entitled
ENGINEERING OF SYSTEMS, METHODS AND OPTIMIZED GUIDE COMPOSITIONS
WITH NEW ARCHITECTURES FOR SEQUENCE MANIPULATION. Mention isaso made
of PCT/US2015/045504, 15-Aug-2015, US application 62/180,699, 17-Jun-2015, and US
application 62/038,358, 17-Aug-2014, each entited GENOME EDITING USING CAS9
NICKASES.

[00495] Each of these patents, patent publications, and applications, and all documents cited
therein or during their prosecution ("appln cited documents') and all documents cited or
referenced in the appln cited documents, together with any instructions, descriptions, product
specifications, and product sheets for any products mentioned therein or in any document therein

and incorporated by reference herein, are hereby incorporated herein by reference, and may be
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employed in the practice of the invention. All documents (e.g., these patents, patent publications
and applications and the appln cited documents) are incorporated herein by reference to the same
extent as if each individua document was specifically and individualy indicated to be
incorporated by reference.

2. TALE Systems
[00496] As disclosed herein editing can be made by way of the transcription activator-like
effector nucleases (TALENS) system. Transcription activator-like effectors (TALES) can be
engineered to bind practically any desired DNA sequence. Exemplary methods of genome
editing using the TALEN system can be found for example in Cermak T. Doyle EL. Christian M.
Wang L. Zhang Y. Schmidt C, et a. Efficient design and assembly of custom TALEN and other
TAL effector-based constructs for DNA targeting. Nucleic Acids Res. 201 1;39:e82; Zhang F.
Cong L. Lodato s. Kosuri S. Church GM. Arlotta P Efficient construction of sequence-specific
TAL effectors for modulating mammalian transcription. Nat Biotechnol. 201 1;29:149-153 and
U SPatent Nos. 8,450,471, 8,440,431 and 8,440,432, al of which are specifically incorporated by
reference.
[00497] In advantageous embodiments of the invention, the methods provided herein use
isolated, non-naturally occurring, recombinant or engineered DNA binding proteins that
comprise TALE monomers as a part of their organizational structure that enable the targeting of
nucleic acid sequences with improved efficiency and expanded specificity.
[00498] Naturally occurring TALEs or "wild type TALES' are nucleic acid binding proteins
secreted by numerous species of proteobacteria. TALE polypeptides contain a nucleic acid
binding domain composed of tandem repeats of highly conserved monomer polypeptides that are
predominantly 33, 34 or 35 amino acids in length and that differ from each other mainly in
amino acid positions 12 and 13. In advantageous embodiments the nucleic acid isDNA. Asused
herein, the term "polypeptide monomers’, or "TALE monomers' will be used to refer to the
highly conserved repetitive polypeptide sequences within the TALE nucleic acid binding domain
and the term "repeat variable di-residues’ or "RVD" will be used to refer to the highly variable
amino acids a positions 12 and 13 of the polypeptide monomers. As provided throughout the
disclosure, the amino acid residues of the RVD are depicted using the IUPAC single letter code
for amino acids. A genera representation of a TALE monomer which is comprised within the
DNA binding domain is XI-1 [-(X12X13)-X14-33 or 34 or 35, where the subscript indicates the
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amino acid position and X represents any amino acid. X12X13 indicate the RVDs. In some
polypeptide monomers, the variable amino acid a position 13 ismissing or absent and in such
polypeptide monomers, the RVD consists of a single amino acid. In such cases the RVD may be
aternatively represented as X*, where X represents X12 and (*) indicates that X13 is absent.
The DNA binding domain comprises several repeats of TALE monomers and this may be
represented as (XI-1 1-(X12X13)-X14-33 or 34 or 35)z, where in an advantageous embodiment,
zisa least 5t040. In afurther advantageous embodiment, zisat least 10 to 26.

[00499] The TALE monomers have a nucleotide binding affinity that is determined by the
identity of the amino acids in its RVD. For example, polypeptide monomers with an RVD of NI
preferentially bind to adenine (A), polypeptide monomers with an RVD of NG preferentially
bind to thymine (T), polypeptide monomers with an RVD of HD preferentially bind to cytosine
(C) and polypeptide monomers with an RVD of NN preferentially bind to both adenine (A) and
guanine (G). In yet another embodiment of the invention, polypeptide monomers with an RVD
of 1G preferentially bind to T. Thus, the number and order of the polypeptide monomer repeats in
the nucleic acid binding domain of a TALE determines its nucleic acid target specificity. In still
further embodiments of the invention, polypeptide monomers with an RVD of NS recognize all
four base pairs and may bind to A, T, G or C. The structure and function of TALES is further
described in, for example, Moscou e a., Science 326:1501 (2009); Boch et a., Science
326:1509-1512 (2009); and Zhang et al., Nature Biotechnology 29:149-153 (201 1), each of
which isincorporated by reference in its entirety.

[00500] The TALE polypeptides used in methods of the invention are isolated, non-naturally
occurring, recombinant or engineered nucleic acid-binding proteins that have nucleic acid or
DNA binding regions containing polypeptide monomer repeats that are designed to target
specific nucleic acid sequences.

[00501] As described herein, polypeptide monomers having an RVD of HN or NH
preferentially bind to guanine and thereby allow the generation of TALE polypeptides with high
binding specificity for guanine containing target nucleic acid sequences. In a preferred
embodiment of the invention, polypeptide monomers having RVDs RN, NN, NK, SN, NH, KN,
HN, NQ, HH, RG, KH, RH and SS preferentially bind to guanine. In amuch more advantageous
embodiment of the invention, polypeptide monomers having RVDs RN, NK, NQ, HH, KH, RH,
SS and SN preferentially bind to guanine and thereby allow the generation of TALE
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polypeptides with high binding specificity for guanine containing target nucleic acid sequences.
In an even more advantageous embodiment of the invention, polypeptide monomers having
RVDs HH, KH, NH, NK, NQ, RH, RN and SS preferentially bind to guanine and thereby alow
the generation of TALE polypeptides with high binding specificity for guanine containing target
nucleic acid sequences. In afurther advantageous embodiment, the RVDs that have high binding
specificity for guanine are RN, NH RH and KH. Furthermore, polypeptide monomers having an
RVD of NV preferentially bind to adenine and guanine. In more preferred embodiments of the
invention, polypeptide monomers having RVDs of H*, HA, KA, N*, NA, NC, NS, RA, and S*
bind to adenine, guanine, cytosine and thymine with comparable affinity.

[00502] The predetermined N-terminal to C-terminal order of the one or more polypeptide
monomers of the nucleic acid or DNA binding domain determines the corresponding
predetermined target nucleic acid sequence to which the TALE polypeptides will bind. Asused
herein the polypeptide monomers and a least one or more half polypeptide monomers are
"specifically ordered to target" the genomic locus or gene of interest. In plant genomes, the
natural TALE-binding sites aways begin with a thymine (T), which may be specified by a
cryptic signal within the non-repetitive N-terminus of the TALE polypeptide; in some cases this
region may bereferred to asrepeat 0. In anima genomes, TALE binding sites do not necessarily
have to begin with athymine (T) and TALE polypeptides may target DNA sequences that begin
with T, A, G or C. The tandem repeat of TALE monomers always ends with a half-length repeat
or a stretch of sequence that may share identity with only the first 20 amino acids of arepetitive
full length TALE monomer and this half repeat may be referred to as a half-monomer (FIG. 8),
which is included in the term "TALE monomer". Therefore, it follows that the length of the
nucleic acid or DNA being targeted is equal to the number of full polypeptide monomers plus
two.

[00503] As described in Zhang e a., Nature Biotechnology 29:149-153 (2011), TALE
polypeptide binding efficiency may be increased by including amino acid sequences from the
"capping regions' that are directly N-terminal or C-terminal of the DNA binding region of
naturally occurring TALEs into the engineered TALESs a positions N-terminal or C-termina of
the engineered TALE DNA binding region. Thus, in certain embodiments, the TALE

polypeptides described herein further comprise an N-terminal capping region and/or a C-terminal

capping region.
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[00504] An exemplary amino acid sequence of aN-terminal capping region is:
MDPIRSRTPSPARELL SGPQPDGVQPTADRGV SPPAGGPLDGLP
ARRTM SRTRLPSPPAPSPAFSADSFSDLLRQFDPSLENTSLFDSL
PPFGAHHTEAATGEWDEVQSGLRAADAPPPTMRVAVTAARPP
RAKPAPRRRAAQPSDASPAAQVDLRTLGY SQQQQEKIKPKVRS
TVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMIAA
LPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQ
LLKIAKRGGVTAVEAVHAWRNALTGAPLN(SEQIDNO:8)

[00505] An exemplary amino acid sequence of a C-terminal capping region is:
RPALESIVAQL SRPDPALAALTNDHLVALACLGGRPALDAVKK
GLPHAPALIKRTNRRIPERTSHRVADHAQVVRVLGFFQCHSHP
AQAFDDAMTQFGMSRHGLLQLFRRVGVTELEARSGTLPPA SQR
WDRILQASGMKRAKPSPTSTQTPDQASLHAFADSLERDLDAPSP
MHEGDQTRA S (SEQ ID NCvI I)

[00506] Asused herein the predetermined "N-terminus’ to " C terminus’ orientation of the N-
terminal capping region, the DNA binding domain comprising the repeat TALE monomers and
the C-terminal capping region provide structural basis for the organization of different domains
in the d-TALES or polypeptides of the invention.

[00507] The entire N-terminal and/or C-terminal capping regions are not necessary to enhance
the binding activity of the DNA binding region. Therefore, in certain embodiments, fragments of
the N-termina and/or C-terminal capping regions are included in the TALE polypeptides
described herein.

[00508] In certain embodiments, the TALE polypeptides described herein contain a N-
terminal capping region fragment that included at least 10, 20, 30, 40, 50, 54, 60, 70, 80, 87, 90,
94, 100, 102, 110, 117, 120, 130, 140, 147, 150, 160, 170, 180, 190, 200, 210, 220, 230, 240,
250, 260 or 270 amino acids of an N-terminal capping region. In certain embodiments, the N-
terminal capping region fragment amino acids are of the C-terminus (the DNA-binding region
proximal end) of an N-terminal capping region. As described in Zhang et al., Nature
Biotechnology 29:149-153 (201 1), N-terminal capping region fragments that include the C-
terminal 240 amino acids enhance binding activity equal to the full length capping region, while
fragments that include the C-terminal 147 amino acids retain greater than 80% of the efficacy of
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the full length capping region, and fragments that include the C-terminal 117 amino acids retain
greater than 50% of the activity of the full-length capping region.

[00509] In some embodiments, the TALE polypeptides described herein contain a C-terminal
capping region fragment that included at least 6, 10, 20, 30, 37, 40, 50, 60, 68, 70, 80, 90, 100,
110, 120, 127, 130, 140, 150, 155, 160, 170, 180 amino acids of a C-terminal capping region. In
certain embodiments, the C-terminal capping region fragment amino acids are of the N-terminus
(the DNA-binding region proximal end) of a C-terminal capping region. As described in Zhang
et a., Nature Biotechnology 29:149-153 (2011), C-terminal capping region fragments that
include the C-terminal 68 amino acids enhance binding activity equal to the full length capping
region, while fragments that include the C-terminal 20 amino acids retain greater than 50% of the
efficacy of the full length capping region.

[00510] In certain embodiments, the capping regions of the TALE polypeptides described
herein do not need to have identical sequences to the capping region sequences provided herein.
Thus, in some embodiments, the capping region of the TALE polypeptides described herein have
sequences that are at least 50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%, 98% or 99% identica or share identity to the capping region amino acid sequences
provided herein. Sequence identity is related to sequence homology. Homology comparisons
may be conducted by eye, or more usually, with the aid of readily available sequence comparison
programs. These commercialy available computer programs may calculate percent (%)
homology between two or more sequences and may also calculate the sequence identity shared
by two or more amino acid or nucleic acid sequences. In some preferred embodiments, the
capping region of the TALE polypeptides described herein have sequences that are at least 95%
identical or share identity to the capping region amino acid sequences provided herein.

[00511] Sequence homologies may be generated by any of a number of computer programs
known in the art, which include but are not limited to BLAST or FASTA. Suitable computer
program for carrying out alignments like the GCG Wisconsin Bestfit package may also be used.
Once the software has produced an optimal alignment, it is possible to calculate % homology,
preferably % sequence identity. The software typicaly does this as part of the sequence
comparison and generates a numerical result.

[00512] In advantageous embodiments described herein, the TALE polypeptides of the

invention include anucleic acid binding domain linked to the one or more effector domains. The
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terms "effector domain" or "regulatory and functional domain” refer to a polypeptide sequence
that has an activity other than binding to the nucleic acid sequence recognized by the nucleic acid
binding domain. By combining a nucleic acid binding domain with one or more effector
domains, the polypeptides of the invention may be used to target the one or more functions or
activities mediated by the effector domain to a particular target DNA sequence to which the
nucleic acid binding domain specifically binds.
[00513] In some embodiments of the TALE polypeptides described herein, the activity
mediated by the effector domain is abiological activity. For example, in some embodiments the
effector domain is a transcriptional inhibitor (i.e, a repressor domain), such as an mSin
interaction domain (SID). SID4X domain or a Kriippel-associated box (KRAB) or fragments of
the KRAB domain. In some embodiments the effector domain is an enhancer of transcription
(i.e. an activation domain), such as the VP16, VP64 or p65 activation domain. In some
embodiments, the nucleic acid binding is linked, for example, with an effector domain that
includes but is not limited to a transposase, integrase, recombinase, resolvase, invertase,
protease, DNA methyltransferase, DNA demethylase, histone acetylase, histone deacetylase,
nuclease, transcriptional repressor, transcriptional activator, transcription factor recruiting,
protein nuclear-localization signal or cellular uptake signal.
[00514] In some embodiments, the effector domain is a protein domain which exhibits
activities which include but are not limited to transposase activity, integrase activity,
recombinase activity, resolvase activity, invertase activity, protease activity, DNA
methyltransferase activity, DNA demethylase activity, histone acetylase activity, histone
deacetylase activity, nuclease activity, nuclear-localization signaling activity, transcriptional
repressor activity, transcriptional activator activity, transcription factor recruiting activity, or
cellular uptake signaling activity. Other preferred embodiments of the invention may include any
combination the activities described herein.

3. ZN-Finger Nucleases
[00515] Other preferred tools for genome editing for use in the context of this invention
include zinc finger systems and TALE systems. One type of programmable DNA-binding
domain is provided by artificial zinc-finger (ZF) technology, which involves arrays of ZF

modules to target new DNA-binding sites in the genome. Each finger module in a ZF array
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targets three DNA bases. A customized array of individual zinc finger domains isassembled into
aZF protein (ZFP).
[00516] ZFPs can comprise a functiona domain. The first synthetic zinc finger nucleases
(ZFNs) were developed by fusing aZF protein to the catalytic domain of the Type I1S restriction
enzyme Fokl. (Kim, Y. G. et a., 1994, Chimeric restriction endonuclease, Proc. Natl. Acad. Sci.
U.SA. 91, 883-887; Kim, Y. G. et d., 1996, Hybrid restriction enzymes. zinc finger fusions to
Fok | cleavage domain. Proc. Natl. Acad. Sci. U.SA. 93, 1156-1 160). Increased cleavage
specificity can be attained with decreased off target activity by use of paired ZFN heterodimers,
each targeting different nucleotide sequences separated by a short spacer. (Doyon, Y. e a.,
2011, Enhancing zinc-finger-nuclease activity with improved obligate heterodimeric
architectures. Nat. Methods 8, 74-79). ZFPs can also be designed as transcription activators and
repressors and have been used to target many genes in awide variety of organisms. Exemplary
methods of genome editing using ZFNs can be found for example in U.S. Patent Nos. 6,534,261,
6,607,882, 6,746,838, 6,794,136, 6,824,978, 6,866,997, 6,933,113, 6,979,539, 7,013,219,
7,030,215, 7,220,719, 7,241,573, 7,241,574, 7,585,849, 7,595,376, 6,903,185, and 6,479,626, all
of which are specificaly incorporated by reference.

4. M eganucleases
[00517] As disclosed herein editing can be made by way of meganucleases, which are
endodeoxyribonucleases characterized by a large recognition site (double-stranded DNA
sequences of 12 to 40 base pairs). Exemplary method for using meganucleases can be found in
US Patent Nos: 8,163,514; 8,133,697; 8,021,867; 8,119,361, 8,119,381, 8,124,369; and
8,129,134, which are specifically incorporated by reference.

5. Delivery
[00518] The programmable nucleic acid modifying agents and other modulating agents, or
components thereof, or nucleic acid molecules thereof (including, for instance HDR template), or
nucleic acid molecules encoding or providing components thereof, may be delivered by a
delivery system herein described.

Viral Delivery
[00519] Vector delivery, eg., plasmid, viral delivery: the chromatin 3D structure modulating
agents, can be delivered using any suitable vector, e.g., plasmid or vira vectors, such as adeno

associated virus (AAV), lentivirus, adenovirus or other viral vector types, or combinations
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thereof. In some embodiments, the vector, e.g., plasmid or viral vector is delivered to the tissue
of interest by, for example, an intramuscular injection, while other times the delivery is via
intravenous, transdermal, intranasal, oral, mucosal, or other delivery methods. Such delivery
may be either via a single dose, or multiple doses. One skilled in the art understands that the
actual dosage to be delivered herein may vary greatly depending upon avariety of factors, such
asthe vector choice, the target cell, organism, or tissue, the general condition of the subject to be
treated, the degree of transformation/modification sought, the administration route, the
administration mode, the type of transformation/modification sought, etc.

[00520]  Such a dosage may further contain, for example, a carrier (water, saline, ethanol,
glyceral, lactose, sucrose, calcium phosphate, gelatin, dextran, agar, pectin, peanut oil, sesame
oil, etc.), a diluent, a pharmaceutically-acceptable carrier (e.g., phosphate-buffered saline), a
pharmaceutically-acceptable excipient, and/or other compounds known in the art. The dosage
may further contain one or more pharmaceutically acceptable salts such as, for example, a
mineral acid salt such as a hydrochloride, a hydrobromide, a phosphate, a sulfate, etc.; and the
salts of organic acids such as acetates, propionates, malonates, benzoates, etc. Additionally,
auxiliary substances, such as wetting or emulsifying agents, pH buffering substances, gels or
gelling materials, flavorings, colorants, microspheres, polymers, suspension agents, etc. may also
be present herein. In addition, one or more other conventional pharmaceutical ingredients, such
as preservatives, humectants, suspending agents, surfactants, antioxidants, anticaking agents,
fillers, chelating agents, coating agents, chemical stabilizers, etc. may aso be present, especialy
if the dosage form is a recongtitutable form. Suitable exemplary ingredients include
microcrystalline cellulose, carboxymethylcellulose sodium, polysorbate 80, phenylethyl alcohoal,
chlorobutanol, potassium sorbate, sorbic acid, sulfur dioxide, propyl gallate, the parabens, ethyl
vanillin, glycerin, phenol, parachlorophenol, gelatin, albumin and a combination thereof. A
thorough discussion of pharmaceutically acceptable excipients is available in REMINGTON'S
PHARMACEUTICAL SCIENCES (Mack Pub. Co., N.J. 1991) which is incorporated by
reference herein.

[00521] Compositions comprising a Cas effector module, complex or system comprising
multiple guide RNAS, preferably tandemly arranged, or the polynucleotide or vector encoding or
comprising said Cas effector module, complex or system comprising multiple guide RNAS,

preferably tandemly arranged, for use in the methods of treatment as defined herein elsewhere
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are also provided. A kit of parts may be provided including such compositions. Use of said
composition in the manufacture of a medicament for such methods of treatment are also
provided. Use of a Cas effector module CRISPR system in screening is also provided by the
present invention, e.g., gain of function screens. Cellswhich are artificially forced to overexpress
a gene are be able to down regulate the gene over time (re-establishing equilibrium) eg. by
negative feedback loops. By the time the screen starts the unregulated gene might be reduced
again. Using an inducible Cas effector module activator allows one to induce transcription right
before the screen and therefore minimizes the chance of false negative hits. Accordingly, by use
of the instant invention in screening, e.g., gain of function screens, the chance of false negative
results may be minimized.

[00522] In another aspect, the invention provides an engineered, non-naturally occurring
vector system comprising one or more vectors comprising a first regulatory element operably
linked to the multiple Cas effector module CRISPR system guide RNASs that each specifically
target a DNA molecule encoding a gene product and a second regulatory element operably
linked coding for a CRISPR protein. Both regulatory elements may be located on the same
vector or on different vectors of the system. The multiple guide RNAS target the multiple DNA
molecules encoding the multiple gene products in a cell and the CRISPR protein may cleave the
multiple DNA molecules encoding the gene products (it may cleave one or both strands or have
substantially no nuclease activity), whereby expression of the multiple gene products is altered;
and, wherein the CRISPR protein and the multiple guide RNAs do not naturally occur together.
In a preferred embodiment the CRISPR protein is a Cas effector module, optionally codon
optimized for expression in a eukaryotic cell. In a preferred embodiment the eukaryotic cell isa
mammalian cell, aplant cell or ayeast cell and in a more preferred embodiment the mammalian
cell is ahuman cell. In a further embodiment of the invention, the expression of each of the
multiple gene products is altered, preferably decreased.

[00523]  In one aspect, the invention provides avector system comprising one or more vectors.
In some embodiments, the system comprises. (a) afirst regulatory element operably linked to a
direct repeat sequence and one or more insertion sites for inserting one or more guide sequences
up- or downstream (whichever applicable) of the direct repeat sequence, wherein when
expressed, the one or more guide sequence(s) direct(s) sequence-specific binding of the CRISPR

complex to the one or more target sequence(s) in aeukaryotic cell, wherein the CRISPR complex
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comprises a Cas effector module complexed with the one or more guide sequence(s) that is
hybridized to the one or more target sequence(s); and (b) a second regulatory element operably
linked to an enzyme-coding sequence encoding said Cas effector module, preferably comprising
a least one nuclear localization sequence and/or at least one NES; wherein components (a) and
(b) are located on the same or different vectors of the system. In some embodiments, component
(@) further comprises two or more guide sequences operably linked to the first regulatory
element, wherein when expressed, each of the two or more guide sequences direct sequence
specific binding of a CRISPR complex to a different target sequence in a eukaryotic cell. In
some embodiments, the CRISPR complex comprises one or more nuclear localization sequences
and/or one or more NES of sufficient strength to drive accumulation of said CRISPR complex in
a detectable amount in or out of the nucleus of a eukaryotic cell. In some embodiments, the first
regulatory element is a polymerase Il promoter. In some embodiments, the second regulatory
element is a polymerase Il promoter. In some embodiments, each of the guide sequences is at
least 16, 17, 18, 19, 20, 25 nucleotides, or between 16-30, or between 16-25, or between 16-20
nucleotides in length.

[00524] Recombinant expression vectors can comprise the polynucleotides encoding the Cas
effector module, system or complex for use in multiple targeting as defined herein in a form
suitable for expression of the nucleic acid in a host cell, which means that the recombinant
expression vectors include one or more regulatory elements, which may be selected on the basis
of the host cells to be used for expression, that isoperatively-linked to the nucleic acid sequence
to be expressed. Within arecombinant expression vector, "operably linked" isintended to mean
that the nucleotide sequence of interest is linked to the regulatory element(s) in a manner that
allows for expression of the nucleotide sequence (e.g., in an in vitro transcription/translation
system or in ahost cell when the vector isintroduced into the host cell).

[00525] In some embodiments, a host cell is transiently or non-transiently transfected with
one or more vectors comprising the polynucleotides encoding the Cas effector module, system or
complex for use in multiple targeting as defined herein. In some embodiments, a cell is
transfected as it naturally occurs in a subject. In some embodiments, a cell that istransfected is
taken from a subject. In some embodiments, the cell is derived from cells taken from a subject,
such as a cell line. A wide variety of cell lines for tissue culture are known in the art and

exemplidied herein elsawhere. Cell lines are available from avariety of sources known to those
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with skill inthe art (see, e.g., the American Type Culture Collection (ATCC) (Manassus, Va.)).
In some embodiments, a cell transfected with one or more vectors comprising the
polynucleotides encoding the Cas effector module, system or complex for use in multiple
targeting as defined herein is used to establish a new cell line comprising one or more vector-
derived sequences. In some embodiments, acell transiently transfected with the components of a
Cas effector module system or complex for use in multiple targeting as described herein (such as
by transient transfection of one or more vectors, or transfection with RNA), and modified
through the activity of a Cas effector module, system or complex, isused to establish a new cell
line comprising cells containing the modification but lacking any other exogenous sequence. In
some embodiments, cells transiently or non-transiently transfected with one or more vectors
comprising the polynucleotides encoding Cas effector module, system or complex for use in
multiple targeting as defined herein, or cell lines derived from such cells are used in assessing
one or more test compounds.

[00526] Theterm "regulatory element” isasdefined herein elsewhere.

[00527]  Advantageous vectors include lentiviruses and adeno-associated viruses, and types of
such vectors can also be selected for targeting particular types of cells.

[00528] In one aspect, the invention provides a eukaryotic host cell comprising (a) a first
regulatory element operably linked to a direct repeat sequence and one or more insertion sites for
inserting one or more guide RNA sequences up- or downstream (whichever applicable) of the
direct repeat sequence, wherein when expressed, the guide sequence(s) direct(s) sequence-
specific binding of the CRISPR complex to the respective target sequence(s) in a eukaryotic cell,
wherein the CRISPR complex comprises a Cas effector module complexed with the one or more
guide sequence(s) that is hybridized to the respective target sequence(s); and/or (b) a second
regulatory element operably linked to an enzyme-coding sequence encoding said Cas effector
module comprising preferably a least one nuclear localization sequence and/or NES. In some
embodiments, the host cell comprises components (a) and (b). In some embodiments,
component (a), component (b), or components (a) and (b) are stably integrated into a genome of
the host eukaryotic cell. In some embodiments, component (a) further comprises two or more
guide sequences operably linked to the first regulatory element, and optionally separated by a
direct repeat, wherein when expressed, each of the two or more guide sequences direct sequence

specific binding of a CRISPR complex to a different target sequence in a eukaryotic cell. In
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some embodiments, the Cas effector module comprises one or more nuclear localization
sequences and/or nuclear export sequences or NES of sufficient strength to drive accumulation
of said CRISPR enzyme in a detectable amount in and/or out of the nucleus of a eukaryotic cell.
[00529] Several aspects of the invention relate to vector systems comprising one or more
vectors, or vectors as such. Vectors can be designed for expression of CRISPR transcripts (e.g.
nucleic acid transcripts, proteins, or enzymes) in prokaryotic or eukaryotic cells. For example,
CRISPR transcripts can be expressed in bacteria cells such as Escherichia coli, insect cells
(using baculovirus expression vectors), yeast cells, or mammalian cells. Suitable host cells are
discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN
ENZYMOLOGY 185, Academic Press, San Diego, Cdif. (1990). Alternatively, the
recombinant expression vector can be transcribed and translated in vitro, for example using T7
promoter regulatory sequences and T7 polymerase.

[00530] In certain aspects the invention involves vectors. A used herein, a "vector” is a tool
that alows or facilitates the transfer of an entity from one environment to another. It is a
replicon, such as aplasmid, phage, or cosmid, into which another DNA segment may be inserted
so as to bring about the replication of the inserted segment. Generally, a vector is capable of
replication when associated with the proper control elements. In general, the term "vector” refers
to a nucleic acid molecule capable of transporting another nucleic acid to which it has been
linked. Vectors include, but are not limited to, nucleic acid molecules that are single-stranded,
double-stranded, or partially double-stranded; nucleic acid molecules that comprise one or more
free ends, no free ends (e.g. circular); nucleic acid molecules that comprise DNA, RNA, or both;
and other varieties of polynucleotides known in the art. One type of vector isa"plasmid,” which
refers to a circular double stranded DNA loop into which additional DNA segments can be
inserted, such as by standard molecular cloning techniques. Another type of vector is avira
vector, wherein virally-derived DNA or RNA sequences are present in the vector for packaging
into a virus (eg. retroviruses, replication defective retroviruses, adenoviruses, replication
defective adenoviruses, and adeno-associated viruses (AAVS)). Vira vectors also include
polynucleotides carried by avirus for transfection into ahost cell. Certain vectors are capable of
autonomous replication in a host cell into which they are introduced (e.g. bacterial vectors
having a bacterial origin of replication and episomal mammalian vectors). Other vectors (e.g.,

non-episomal  mammalian vectors) are integrated into the genome of a host cell upon
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introduction into the host cell, and thereby are replicated along with the host genome. Moreover,
certain vectors are capable of directing the expression of genes to which they are operatively-
linked. Such vectors are referred to herein as "expression vectors." Common expression vectors
of utility in recombinant DNA techniques are often in the form of plasmids.

[00531] Recombinant expression vectors can comprise a nucleic acid of the invention in a
form suitable for expression of the nucleic acid in a host cell, which means that the recombinant
expression vectors include one or more regulatory elements, which may be selected on the basis
of the host cells to be used for expression, that isoperatively-linked to the nucleic acid sequence
to be expressed. Within arecombinant expression vector, "operably linked" isintended to mean
that the nucleotide sequence of interest is linked to the regulatory element(s) in a manner that
allows for expression of the nucleotide sequence (e.g. in an in vitro transcription/translation
system or in a host cell when the vector is introduced into the host cell). With regards to
recombination and cloning methods, mention is made of U.S. patent application 10/815,730,
published September 2, 2004 as US 2004-0171 156 Al, the contents of which are herein
incorporated by reference in their entirety.

[00532] The vector(s) can include the regulatory element(s), e.g., promoter(s). The vector(s)
can comprise Cas encoding sequences, and/or a single, but possibly also can comprise a least 3
or 8 or 16 or 32 or 48 or 50 guide RNA(s) (e.g., sgrRNAS) encoding sequences, such as 1-2, 1-3,
1-4 1-5, 3-6, 3-7, 3-8, 3-9, 3-10, 3-8, 3-16, 3-30, 3-32, 3-48, 3-50 RNA(S) (e.g., sgRNAS). In a
single vector there can be a promoter for each RNA (e.g., sgRNA), advantageously when there
are up to about 16 RNA(S) (e.g., sgRNAS); and, when a single vector provides for more than 16
RNA(s) (e.g., sgRNAS), one or more promoter(s) can drive expression of more than one of the
RNA(s) (e.g., sSgRNAS), eg., when there are 32 RNA(S) (e.g., SgRNAS), each promoter can drive
expression of two RNA(S) (e.g., sgRNAS), and when there are 48 RNA(S) (e.g., SJRNAS), each
promoter can drive expression of three RNA(S) (e.g., sgRNAS). By simple arithmetic and well
established cloning protocols and the teachings in this disclosure one skilled in the art can readily
practice the invention asto the RNA(S) (e.g., SJRNA(s) for a suitable exemplary vector such as
AAV, and a suitable promoter such as the U6 promoter, e.g., U6-sgRNAs. For example, the
packaging limit of AAV is-4.7 kb. The length of a single U6-sgRNA (plus restriction sites for
cloning) is 361 bp. Therefore, the skilled person can readily fit about 12-16, e.g., 13 U6-sgRNA

cassettes in a single vector. This can be assembled by any suitable means, such as a golden gate
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strategy used for TALE assembly (www.genome-engineering.org/taleffectors/). The skilled
person can also use a tandem guide strategy to increase the number of U6-sgRNAs by
approximately 1.5 times, e.g., to increase from 12-16, e.g., 13 to approximately 18-24, e.g., about
19 U6-sgRNAs. Therefore, one skilled in the art can readily reach approximately 18-24, eg.,
about 19 promoter-RNAs, e.g., U6-sgRNAS in a single vector, e.g., an AAV vector. A further
means for increasing the number of promoters and RNAS, e.g., SgRNA(S) in avector isto use a
single promoter (e.g., U6) to express an array of RNAS, e.g., SgJRNAs separated by cleavable
sequences. And an even further means for increasing the number of promoter-RNAS, eg.,
sgRNAS in a vector, is to express an array of promoter-RNAs, e.g., sgRNAs separated by
cleavable sequences in the intron of a coding sequence or gene; and, in this instance it is
advantageous to use a polymerase |l promoter, which can have increased expression and enable
the transcription of long RNA in a tissue gpecific manner. (see, eg.,
nar .oxfordj ournal s.org/content/34/7/e53.short,
www.nature.com/mt/journal/vi6/n9/abs/mt2008144a.html).  In an advantageous embodiment,
AAV may package U6 tandem sgRNA targeting up to about 50 genes. Accordingly, from the
knowledge in the art and the teachings in this disclosure the skilled person can readily make and
use vector(s), eg., a single vector, expressing multiple RNAs or guides or sgRNAS under the
control or operatively or functionally linked to one or more promoters—especialy as to the
numbers of RNASs or guides or sgRNAS discussed herein, without any undue experimentation.
[00533] The guide RNA(s), eg., sgRNA(s) encoding sequences and/or Cas encoding
sequences, can be functionally or operatively linked to regulatory element(s) and hence the
regulatory element(s) drive expression. The promoter(s) can be constitutive promoter(s) and/or
conditional promoter(s) and/or inducible promoter(s) and/or tissue specific promoter(s). The
promoter can be selected from the group consisting of RNA polymerases, pol I, pol II, pol Ill,
T7, U6, HI, retroviral Rous sarcoma virus (RSV) LTR promoter, the cytomegalovirus (CMV)
promoter, the SV40 promoter, the dihydrofolate reductase promoter, the B-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EFla promoter. An advantageous promoter is
the promoter isUG.

[00534] Aspects of the invention relate to bicistronic vectors for guide RNA and (optionally
modified or mutated) Cas effector modules. Bicistronic expression vectors for guide RNA and

(optionally modified or mutated) CRISPR enzymes are preferred. In general and particularly in
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this embodiment (optionally modified or mutated) CRISPR enzymes are preferably driven by the
CBh promoter. The RNA may preferably be driven by a Pol Il promoter, such as a U6
promoter. Ideally the two are combined.

[00535] In some embodiments, aloop inthe guide RNA isprovided. This may be a stem loop
or atetra loop. The loop is preferably GAAA, but it isnot limited to this sequence or indeed to
being only 4bp in length. Indeed, preferred loop forming sequences for use in hairpin structures
are four nucleotides in length, and most preferably have the sequence GAAA. However, longer
or shorter loop sequences may be used, as may alternative sequences. The sequences preferably
include a nucleotide triplet (for example, AAA), and an additional nucleotide (for example C or
G). Examples of loop forming sequences include CAAA and AAAG.

[00536] The term "regulatory element” isintended to include promoters, enhancers, internal
ribosomal entry sites (IRES), and other expression control elements (e.g. transcription
termination signals, such as polyadenylation signals and poly-U sequences). Such regulatory
elements are described, for example, in Goeddel, GENE EXPRESSION TECHNOLOGY:
METHODS IN ENZYMOLOGY 185, Academic Press, San Diego, Calif. (1990). Regulatory
elements include those that direct constitutive expression of anucleotide sequence in many types
of host cell and those that direct expression of the nucleotide sequence only in certain host cells
(e.g., tissue-specific regulatory sequences). A tissue-specific promoter may direct expression
primarily in a desired tissue of interest, such as muscle, neuron, bone, skin, blood, specific
organs (e.g. liver, pancreas), or particular cell types (eg. lymphocytes). Regulatory elements
may also direct expression in atemporal-dependent manner, such asin a cell-cycle dependent or
developmental stage-dependent manner, which may or may not aso be tissue or cell-type
specific. In some embodiments, avector comprises one or more pol Il promoter (eg. 1, 2, 3, 4,
5, or more pol Il promoters), one or more pol 1l promoters (eg. 1, 2, 3, 4, 5, or more pol Il
promoters), one or more pol | promoters (eg. 1, 2, 3, 4, 5, or more pol | promoters), or
combinations thereof. Examples of pol 111 promoters include, but are not limited to, U6 and H
promoters. Examples of pol Il promoters include, but are not limited to, the retrovira Rous
sarcoma virus (RSV) LTR promoter (optionally with the RSV enhancer), the cytomegalovirus
(CMV) promoter (optionally with the CMV enhancer) [see, eg., Boshart et a, Cell, 41:521-530
(1985)], the SV40 promoter, the dihydrofolate reductase promoter, the (-actin promoter, the
phosphoglycerol kinase (PGK) promoter, and the EFla promoter. Also encompassed by the
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term "regulatory element” are enhancer elements, such as WPRE; CMV enhancers; the R-U5S'

segment in LTR of HTLV-I (Mol. Cell. Biol., Vol. 8(1), p. 466-472, 1988); SV40 enhancer; and
the intron sequence between exons 2 and 3 of rabbit B-globin (Proc. Natl. Acad. Sci. USA., Val.
78(3), p. 1527-31, 1981). It will be appreciated by those skilled in the art that the design of the
expression vector can depend on such factors asthe choice of the host cell to be transformed, the
level of expression desired, etc. A vector can be introduced into host cells to thereby produce
transcripts, proteins, or peptides, including fusion proteins or peptides, encoded by nucleic acids
as described herein (e.g., clustered regularly interspersed short palindromic repeats (CRISPR)

transcripts, proteins, enzymes, mutant forms thereof, fusion proteins thereof, etc.). With regards
to regulatory sequences, mention is made of U.S. patent application 10/491,026, the contents of
which are incorporated by reference herein in their entirety. With regards to promoters, mention
is made of PCT publication WO 201 1/028929 and U.S. application 12/51 1,940, the contents of
which are incorporated by reference herein in their entirety.

[00537] Vectors can be designed for expression of CRISPR transcripts (e.g. nucleic acid
transcripts, proteins, or enzymes) in prokaryotic or eukaryotic cells. For example, CRISPR
transcripts can be expressed in bacterial cells such as Escherichia coli, insect cells (using
baculovirus expression vectors), yeast cells, or mammalian cells. Suitable host cells are
discussed further in Goeddel, GENE EXPRESSION TECHNOLOGY: METHODS IN
ENZYMOLOGY 185, Academic Press, San Diego, Cdif. (1990). Alternatively, the
recombinant expression vector can be transcribed and translated in vitro, for example using T7
promoter regulatory sequences and T7 polymerase.

[00538] Vectors may be introduced and propagated in a prokaryote or prokaryotic cell. In
some embodiments, a prokaryote is used to amplify copies of a vector to be introduced into a
eukaryotic cell or as an intermediate vector in the production of a vector to be introduced into a
eukaryotic cell (eg. amplifying a plasmid as part of avira vector packaging system). In some
embodiments, aprokaryote isused to amplify copies of avector and express one or more nucleic
acids, such as to provide a source of one or more proteins for delivery to a host cell or host
organism. Expression of proteins in prokaryotes is most often carried out in Escherichia coli
with vectors containing constitutive or inducible promoters directing the expression of either
fusion or non-fusion proteins. Fusion vectors add a number of amino acids to a protein encoded

therein, such as to the amino terminus of the recombinant protein. Such fusion vectors may
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serve one or more purposes, such as: (i) to increase expression of recombinant protein; (ii) to
increase the solubility of the recombinant protein; and (iii) to aid in the purification of the
recombinant protein by acting as a ligand in affinity purification. Often, in fusion expression
vectors, a proteolytic cleavage site is introduced at the junction of the fusion moiety and the
recombinant protein to enable separation of the recombinant protein from the fusion moiety
subsequent to purification of the fusion protein. Such enzymes, and their cognate recognition
sequences, include Factor Xa, thrombin and enterokinase. Example fusion expression vectors
include pGEX (Pharmacia Biotech Inc; Smith and Johnson, 1988. Gene 67: 31-40), pMAL (New
England Biolabs, Beverly, Mass.) and pRIT5 (Pharmacia, Piscataway, N.J.) that fuse glutathione
Stransferase (GST), maltose E binding protein, or protein A, respectively, to the target
recombinant protein. Examples of suitable inducible non-fusion E. coli expression vectors
include pTrc (Amrann et al., (1988) Gene 69:301-315) and pET lid (Studier et al., GENE
EXPRESSION TECHNOLOGY: METHODS IN ENZYMOLOGY 185, Academic Press, San
Diego, Calif. (1990) 60-89). In some embodiments, a vector is a yeast expression vector.
Examples of vectors for expression in yeast Saccharomyces cerivisae include pY epSecl
(Baldari, et al., 1987. EMBO J. 6: 229-234), pMFa (Kuijan and Herskowitz, 1982. Cell 30: 933-
943), pJRY88 (Schultz et a., 1987. Gene 54: 113-123), pYES2 (Invitrogen Corporation, San
Diego, Cdlif), and picZ (InVitrogen Corp, San Diego, Calif). In some embodiments, a vector
drives protein expression in insect cells using baculovirus expression vectors. Baculovirus
vectors available for expression of proteins in cultured insect cells (e.g., SF9 cells) include the
pAcC series (Smith, et a., 1983. Mol. Cell. Biol. 3: 2156-2165) and the pVL series (Lucklow and
Summers, 1989. Virology 170: 31-39).

[00539] In some embodiments, a vector is capable of driving expression of one or more
sequences in mammalian cells using a mammalian expression vector. Examples of mammalian
expression vectors include pCDM8 (Seed, 1987. Nature 329: 840) and pMT2PC (Kaufman, et
a., 1987. EMBO J. 6: 187-195). When used in mammalian cells, the expression vector's control
functions are typically provided by one or more regulatory elements. For example, commonly
used promoters are derived from polyoma, adenovirus 2, cytomegalovirus, simian virus 40, and
others disclosed herein and known in the art. For other suitable expression systems for both

prokaryotic and eukaryotic cells see, eg., Chapters 16 and 17 of Sambrook, et 4.,
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MOLECULAR CLONING: A LABORATORY MANUAL. 2nd ed., Cold Spring Harbor
Laboratory, Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y., 1989.

[00540] In some embodiments, the recombinant mammalian expression vector is capable of
directing expression of the nucleic acid preferentially in a particular cell type (e.g., tissue-
specific regulatory elements are used to express the nucleic acid). Tissue-specific regulatory
elements are known in the art. Non-limiting examples of suitable tissue-specific promoters
include the albumin promoter (liver-specific; Pinkert, et a., 1987. Genes Dev. 1: 268-277),
lymphoid-specific promoters (Calame and Eaton, 1988. Adv. Immunol. 43: 235-275), in
particular promoters of T cell receptors (Winoto and Baltimore, 1989. EMBO J. 8: 729-733) and
immunoglobulins (Baneiji, et a., 1983. Cell 33: 729-740; Queen and Baltimore, 1983. Cell 33:
741-748), neuron-specific promoters (e.g., the neurofilament promoter; Byrne and Ruddle, 1989.
Proc. Natl. Acad. Sci. USA 86: 5473-5477), pancreas-specific promoters (Edlund, et a., 1985.
Science 230: 912-916), and mammary gland-specific promoters (e.g., milk whey promoter; U.S.
Pat. No. 4,873,316 and European Application Publication No. 264,166). Developmentally-
regulated promoters are also encompassed, e.g., the murine hox promoters (Kessel and Gruss,
1990. Science 249: 374-379) and the afetoprotein promoter (Campes and Tilghman, 1989.
Genes Dev. 3: 537-546). With regards to these prokaryotic and eukaryotic vectors, mention is
made of U.S. Patent 6,750,059, the contents of which are incorporated by reference herein in
their entirety. Other embodiments of the invention may relate to the use of vira vectors, with
regards to which mention is made of U.S. Patent application 13/092,085, the contents of which
are incorporated by reference herein in their entirety. Tissue-specific regulatory elements are
known in the art and in this regard, mention is made of U.S. Patent 7,776,321, the contents of
which are incorporated by reference herein in their entirety. In some embodiments, a regulatory
element is operably linked to one or more elements of a CRISPR system so as to drive
expression of the one or more elements of the CRISPR system. In general, CRISPRs (Clustered
Regularly Interspaced Short Palindromic Repesats), also known as SPIDRs (SPacer Interspersed
Direct Repesats), constitute afamily of DNA loci that are usually specific to a particular bacterial
species. The CRISPR locus comprises a distinct class of interspersed short sequence repeats
(SSRs) that were recognized in E. coli (Ishino et al., J. Bacterid.,, 169:5429-5433 [1987]; and
Nakata et a., J. Bacterid.,, 171:3553-3556 [1989]), and associated genes. Similar interspersed

SSRs have been identified in Haloferax mediterranei, Streptococcus pyogenes, Anabaena, and
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Mycobacterium tuberculosis (See, Groenen et al., Mol. Micrabiol., 10:1057-1065 [1993]; Hoe et
a., Emerg. Infect. Dis., 5:254-263 [1999]; Masepohl et al., Biochim. Biophys. Acta 1307:26-30
[1996]; and Mgjica et d., Mol. Microbiol., 17:85-93 [1995]). The CRISPR loci typically differ
from other SSRs by the structure of the repeats, which have been termed short regularly spaced
repeats (SRSRs) (Janssen et a., OMICS J. Integ. Biol., 6:23-33 [2002]; and Mojica &t al., Mol.
Microbiol., 36:244-246 [2000]). In general, the repeats are short elements that occur in clusters
that are regularly spaced by unique intervening sequences with a substantially constant length
(Mojica et a., [2000], supra). Although the repeat sequences are highly conserved between
strains, the number of interspersed repeats and the sequences of the spacer regions typicaly
differ from strain to strain (van Embden et a., J. Bacterid.,, 182:2393-2401 [2000]). CRISPR
loci have been identified in more than 40 prokaryotes (See e.g., Jansen et al., Mol. Microbiol.,
43:1565-1575 [2002]; and Mojica et a., [2005]) including, but not limited to Aeropyrum,
Pyrobaculum, Sulfolobus, Archaeoglobus, Halocarcula, Methanobacterium, Methanococcus,
Methanosarcina, Methanopyrus, Pyrococcus, Picrophilus, Thermoplasma, Corynebacterium,
Mycobacterium, Streptomyces, Aquifex, Porphyromonas, Chlorobium, Thermus, Bacillus,
Listeria, Staphylococcus, Clostridium, Thermoanaerobacter, Mycoplasma, Fusobacterium,
Azarcus, Chromobacterium, Neisseria, Nitrosomonas, Desulfovibrio, Geobacter, Myxococcus,
Campylobacter, Wolinella, Acinetobacter, Erwinia, Escherichia, Legionella, Methylococcus,
Pasteurella, Photobacterium, Salmonella, Xanthomonas, Yersinia, Treponema, and Thermotoga.

[00541] Typicaly, in the context of an endogenous nucleic acid-targeting system, formation
of a nucleic acid-targeting complex (comprising a guide RNA hybridized to atarget sequence
and complexed with one or more nucleic acid-targeting effector modules) results in cleavage of
one or both RNA strands in or near (e.g. within 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 20, 50, or more base
pairs from) the target sequence. In some embodiments, one or more vectors driving expression
of one or more elements of a nucleic acid-targeting system are introduced into a host cell such
that expression of the elements of the nucleic acid-targeting system direct formation of a nucleic
acid-targeting complex a one or more target sites. For example, anucleic acid-targeting effector
module and a guide RNA could each be operably linked to separate regulatory elements on
separate vectors. Alternatively, two or more of the elements expressed from the same or
different regulatory elements, may be combined in a single vector, with one or more additional

vectors providing any components of the nucleic acid-targeting system not included in the first
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vector. nucleic acid-targeting system elements that are combined in a single vector may be
arranged in any suitable orientation, such as one element located 5' with respect to ("upstream”
of) or 3" with respect to ("downstream” of) a second element. The coding sequence of one
element may be located on the same or opposite strand of the coding sequence of a second
element, and oriented in the same or opposite direction. In some embodiments, a single
promoter drives expression of atranscript encoding a nucleic acid-targeting effector module and
aguide RNA embedded within one or more intron sequences (e.g. each in a different intron, two
or more in a least one intron, or all in a single intron). In some embodiments, the nucleic acid-
targeting effector module and guide RNA are operably linked to and expressed from the same
promoter.

[00542] Ways to package inventive Cpfl coding nucleic acid molecules, e.g.,, DNA, into
vectors, e.g., vira vectors, to mediate genome modification in vivo may include:

To achieve NHEJmediated gene knockout:
