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METHOD FOR EXTRACTING NUCLEI OR WHOLE CELLS FROM
FORMALIN-FIXED
PARAFFIN-EMBEDDED TISSUES
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No. 62/745,259,
filed October 12, 2018; U.S. Provisional Application No. 62/813,634, filed March 4, 2019; U.S.
Provisiona Application No. 62/829,402, filed April 4, 2019; U.S. Provisiona Application No.
62/887,339, filed August 15, 2019; and U.S. Provisional Application No. 62/890,971, filed August
23, 2019. The entire contents of the above-identified applications are hereby fully incorporated

herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
[0002] This invention was made with government support under Grant No.(s) DK043351,
DK114784 and DK1 17263 awarded by the National Institutes of Health. The government has

certain rights in the invention.

REFERENCE TO AN ELECTRONIC SEQUENCE LISTING
[0003] The contents of the electronic sequence listing (BROD_3900_ST25.txt”; Sizeis 5,073
bytes and it was created on October 11, 2019) isherein incorporated by reference inits entirety.

TECHNICAL FIELD

[0004] The subject matter disclosed herein is generally directed to methods of single nuclel
sequencing. The subject matter disclosed herein isalso directed toisolating single cells and nuclel
from frozen and formalin-fixed paraffin-embedded (FFPE) tissues for use in the analysis of single
cells from archived biologica samples. The subject matter disclosed herein is aso directed to

therapeutic targets, diagnostic targets and methods of screening for modulating agents.

BACKGROUND
[0005] Single cell methods (e.g., single cell RNA-Seq) has greatly extended our understanding
of heterogeneous tissues, including the CNS (A. Zeisdl et al., Brain structure. Cell types in the
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mouse cortex and hippocampus revealed by single-cell RNA-seq. Science 347, 1138-1 142 (2015);
S. Darmanis et al., A survey of human brain transcriptome diversity a the single cell level. Proc
Natl Acad Sci USA 112, 7285-7290 (2015); J. Shin et al., Single-Cell RNA-Seq with Waterfall
Reveals Molecular Cascades underlying Adult Neurogenesis. Cell Sem Cell 17, 360-372 (2015);
B. Tasic et al., Adult mouse cortical cell taxonomy revealed by single cell transcriptomics. Nat
Neurosci 19, 335-346 (2016); D. Usoskin et al., Unbiased classification of sensory neuron types
by large-scale single-cell RNA sequencing. Nat Neurosci 18, 145-153 (2015); E. R. Thomsen et
al., Fixed single-cell transcriptomic characterization of human radial glial diversity. Nat Methods
13, 87-93 (2016)), and is reshaping the concept of cell type and state. Formalin-fixed paraffin-
embedded (FFPE) tissues are available for archival tissues, provide for easy storage and shipping,
are available for rare diseases, and have well documented pathology. However, analyzing single
cells from FFPE tissues has been challenging. For example, FFPE samples may have damaged
cellular structures, low input and degraded/fragmented RNA, and the samples are cross linked.
Thus, there isaneed for improved devices and methods to allow for understanding heterogeneous
tissues and cell populations present in FFPE samples.

[0006] Despite its centra role inintestinal function and health, our understanding of the ENS
islimited due to longstanding technical challenges; most of our knowledge to date is based on
immunohistochemistry with a limited number of known markers. Because the ENS is dispersed
among other cell types within the intestine (e.g., myocytes and fibroblasts), enteric neurons are
rare in any sample. Moreover, they are exceptionally challenging to isolate and study with genomic
tools. Finally, most work on the ENS to date has been performed in rodent models with relatively
few human studies (13). Single cell methods currently are not able to be used to analyze tissues
from the ENS. Thus, there isaneed for improved devices and methods to allow for understanding
heterogeneous tissues and cell populations, such as the ENS. Moreover, treatment of diseases
associated with the ENS are needed and require new biomarkers, methods of screening and

therapeutic targets.

SUMMARY

[0007] In certain example embodiments, the present invention provides for methods of

isolating nuclel or whole cells from tissue samples (e.g., frozen or FFPE). In further example
2
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embodiments, the invention provides for amethod of single cell sequencing comprising: extracting
nuclei from atissue sample under conditions that preserve the nuclear membranes, ribosomes
and/or rough endoplasmic reticulum (ER); 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. In further example embodiments, the
invention provides for amethod of single cell sequencing comprising: extracting whole cells from
atissue sample under conditions that preserve the cell membranes; sorting single cellsinto separate
reaction vessels, extracting RNA from the single cells; generating acDNA 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.

[0008] In one aspect, the present invention provides for amethod of recovering nuclei or whole
cellsfrom aformalin-fixed paraffin-embedded (FFPE) tissue comprising: dissolving paraffin from
a FFPE tissue sample in a solvent, preferably the solvent is selected from the group consisting of
xylene and mineral oil, wherein the tissue is dissolved a a temperature between 4C to 90C,
preferably room temperature (20 to 25C) for recovering whole cells and 90C for recovering nuclei;
rehydrating the tissue using a gradient of ethanol from 100% to 0% ethanol (EtOH); transferring
the rehydrated tissue to avolume of afirst buffer comprising abuffering agent, a detergent and an
ionic strength between 100mM and 200mM, optionaly the first buffer comprises protease
inhibitors or proteases and/or BSA; chopping or dounce homogenizing the tissue in the buffer; and

removing debris by filtering and/or FACS sorting.

[0009] In certain embodiments, the method further comprises isolating nuclel or cell types by
FACS sorting.
[0010] In certain embodiments, dissolving paraffin from a FFPE tissue sample, comprises

incubating at least one time in xylene, a room temperature (RT), for about 10 minutes each, and
wherein xylene isremoved at each change. In certain embodiments, the method further comprises
washing the tissue &t least two times with xylene for about 10 min each, wherein the washes are
performed a room temperature (RT), 90C, or at least one time a room temperature (RT) and a
least one time a 90C, wherein xylene isremoved & each change.

[0011] In certain embodiments, dissolving paraffin from a FFPE tissue sample, comprises
incubating at least twice in about 5 ml xylene per 30-100 mg FFPE tissue sample, a room

3
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temperature, for about 10 minutes each, wherein xylene is removed a each change. In certain
embodiments, the method further comprises washing the tissue with xylene at 37C for about 10
min. In certain embodiments, the method further comprises cutting the tissue into two or more
pieces and washing at least one piece of the tissue with xylene a 37C for about 10 min.

[0012] In certain embodiments, dissolving paraffin from a FFPE tissue sample, comprises
incubating at least three times in xylene, a room temperature, for about 10 minutes each, and
wherein xylene isremoved at each change. In certain embodiments, the method further comprises
washing the tissue three additional times with xylene for about 10 min each, wherein the first wash
isat room temperature and the second and third washes are a 90C, and wherein xylene isremoved
a each change.

[0013] In certain embodiments, rehydrating the tissue comprises a step gradient of ethanol
(EtOH) and the tissue isincubated between 1to 10 minutes a each step. In certain embodiments,
the step gradient comprises incubating the tissue for about 2 minutes each in successive washes of
95%, 75%, and 50% ethanol (EtOH).

[0014] In certain embodiments, after rehydrating the tissue the method further comprises
placing the tissue samples on ice or on a device capable of maintaining the tissue between 4 and
10C, wherein all subsequent steps are performed at atemperature between 4 and 10C.

[0015] In certain embodiments, after the step of dissolving paraffin from the tissue or
rehydrating the tissue the method further comprises dividing the tissue, preferably in half.

[0016] In certain embodiments, the first buffer comprises a detergent selected from the group
consisting of NP40, CHAPS and Tween-20. In certain embodiments, the NP40 concentration is
about 0.2%. In certain embodiments, the Tween-20 concentration is about 0.03%. In certain
embodiments, the CHAPS concentration is about 0.49%. In certain embodiments, the first buffer
is selected from the group consisting of CST, TST, NST and NSTnPo.

[0017] In certain embodiments, after the step of chopping or dounce homogenizing the method
further comprises centrifuging, preferably, the sample iscentrifuged at about 500g for about 5min,
and resuspending the sample in a second buffer comprising abuffering agent and anionic strength
between 100mM and 200mM, optionally the second buffer comprises protease inhibitors. In

certain embodiments, the second buffer is ST, optionally comprising protease inhibitors.
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[0018] In certain embodiments, the sample is filtered through a 40 uM filter. In certain
embodiments, the method further comprises washing the filtered sample in the first buffer. In
certain embodiments, the method further comprises filtering the sample through a 30 uM filter.
[0019] In certain embodiments, after the step of chopping or dounce homogenizing the method
further comprises adding an additional 2 volumes of the first buffer (3 volumes total) and filtering
the sample through a 40 uM filter. In certain embodiments, the method further comprises adding
an additional three volumes of the first buffer (6 volumes total), centrifuging, preferably, the
sample is centrifuged at about 500g for about 5 min, and resuspending the sample in a second
buffer comprising abuffering agent and an ionic strength between |0OmM and 200mM, optionally
the second buffer comprises protease inhibitors. In certain embodiments, the second buffer is ST,
optionally comprising protease inhibitors.
[0020] In certain embodiments, the method further comprises reversing cross-linking in the
tissue sample before or during any step of the method. In certain embodiments, reversing cross-
linking comprises proteinase digestion. In certain embodiments, the proteinase is proteinase K or
a cold-active protease.
[0021] In certain embodiments, the method further comprises adding a reagent that stabilizes
RNA to the tissue sample before or during any step of the method.
[0022] In certain embodiments, the method further comprises lysing recovered cells or nuclei
and performing reverse transcription. In certain embodiments, the reverse transcription is
performed in individual reaction vessels. In certain embodiments, the reaction vessels are wells,
chambers, or droplets.
[0023] In certain embodiments, the method further comprises performing single cell, single
nucleus or bulk RNA-seq, DNA-seq, ATAC-seg, or ChIP on the recovered nuclei or whole cells.
[0024] In certain embodiments, the method further comprises staining the recovered cells or
nuclei. In certain embodiments, the stain comprises ruby stain.
[0025] In certain embodiments, single cells or nuclei are enriched by FACS or magnetic-
activated cell sorting (MACS). The nuclei or cells of any method described herein may further be
detectable by a fluorescent signal, whereby individual nuclei or cells may be further sorted. The
single nuclel or cells may be immunostained with an antibody with specific affinity for an
intranuclear protein or cell surface protein. The antibody may be specific for NeuN. The nuclei
5
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may be stained with anuclear stain. The nuclear stain may comprise DAPI, Ruby red, trypan blue,
Hoechst or propidium iodine. In certain embodiments, nuclei can be labeled with ruby dye
(Thermo Fisher Scientific, Vybrant DyeCycle Ruby Stain, #V-10309) added to the resuspension
buffer a a concentration of 1:800.
[0026] In certain embodiments, the tissue sample is obtained from a subject suffering from a
disease. In certain embodiments, the disease i scancer, aneurological disease, autoimmune disease,
infection, or metabolic disease. The heterogeneous population of cells may be derived from a
section of atissue or atumor from a subject. 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.
[0027] In another aspect, the present invention provides for amethod of recovering nuclel and
attached ribosomes from atissue sample comprising: chopping the tissue sample a between 0-4
°C in anuclear extraction buffer comprising Tris buffer, a detergent and salts; and filtering the
sample through a filter between 30-50 uM, preferably 40 uM, and optionaly washing the filter
with fresh nuclear extraction buffer, wherein the nuclei are present in the supernatant passed
through the filter. In certain embodiments, the nuclear extraction buffer comprises 10-20 mM Tris,
about 0.49% CHAPS, a salt concentration having an ionic strength of 100-250mM, and about
0.01% BSA, whereby nuclei arerecovered that have a preserved nuclear envelope and ribosomes.
In certain embodiments, the nuclear extraction buffer isbuffer CST. In certain embodiments, the
nuclear extraction buffer comprises 10-20 mM Tris, about 0.03% Tween-20, a salt concentration
having an ionic strength of 100-250mM, and about 0.01% BSA, whereby nuclei are recovered that
have a preserved nuclear envelope, rough ER and ribosomes. In certain embodiments, the nuclear
extraction buffer isbuffer TST. In certain embodiments, the salts comprise 146 mM NaCl, ImM
CaCl,, and 2ImM MgCl,. In certain embodiments, chopping comprises chopping with scissors for
1-10 minutes.
[0028] In certain embodiments, nuclei from specific cell types are genetically modified to
express a detectable label on the nuclear membrane and the method further comprises enriching
nuclel from the specific cell types using the detectable label. In certain embodiments, the method
further comprises staining the recovered nuclel. In certain embodiments, the stain comprises ruby
stain. In certain embodiments, the nuclei are sorted into discrete volumes by FACS.

6
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[0029] In certain embodiments, the method further comprises pelleting the nuclel and
resuspending the nuclel in a second buffer consisting of Tris buffer and sats. In certain
embodiments, the second buffer isbuffer ST.

[0030] In certain embodiments, the method further comprises generating a single nuclei
barcoded library for the recovered nuclei, wherein the nucleic acid from each nuclel islabeled with
abarcode sequence comprising acell of origin barcode, optionaly the barcode sequence includes
acell of origin barcode and aunique molecular identifier (UMI). In certain embodiments, RNA
and/or DNA islabeled with the barcode sequence. In certain embodiments, the library isan RNA-
seq, DNA-seq, and/or ATAC-seq library. In certain embodiments, the method further comprises
sequencing the library.

[0031] In certain embodiments, the tissue sample isfresh frozen. In certain embodiments, the
tissue sample comprises cells originating from the central nervous system (CNS) or enteric nervous
system (ENS). In certain embodiments, the tissue sample is obtained from the gut or the brain. In
certain embodiments, the tissue sample is obtained from a subject suffering from a disease. In
certain embodiments, the tissue sample istreated with areagent that stabilizes RNA.

[0032] In certain embodiments, the discrete volumes are droplets, wells in a plate, or
microfluidic chambers.

[0033] In another aspect, the present invention provides for a method of treating a disease
selected from the group consisting of Hirschsprung's disease (HSCR), inflammatory bowel disease
(IBD), autism spectrum disorder (ASD), Parkinson’s disease (PD) and schizophrenia in a subject
in need thereof comprising administering one or more agents capable of modulating the function
or activity of: one or more neurons selected from the group consisting of PEMN1, PEMN2,
PIMN1, PIMN2, PIMN3, PIMN4, PIMN5, PIN1, PIN2, PSN and PSVN; or one or more cells
functionally interacting with the one or more neurons. In certain embodiments, the one or more
cells functionally interacting with the one or more neurons are selected from the group consisting
of T cells, dendritic cells (DC), B cells, fibroblasts and adipocytes.

[0034] In another aspect, the present invention provides for amethod of modulating appetite
and energy metabolism in a subject in need thereof comprising administering one or more agents

capable of modulating the function or activity of: one or more neurons selected from the group
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consisting of PIMN4 and PIMNS5; or one or more adipose cells functionally interacting with the
one or more neurons.

[0035] In certain embodiments, the one or more neurons are characterized by expression of
one or more markers according to Table 14 or Table 21. In certain embodiments, the one or more
agents modulate the expression, activity or function of one or more genes according to Table 14
or Table 21. In certain embodiments, the one or more agents modulate the expression, activity or
function of one or more genes selected from the group consisting of: NPY, CGRP, Glutamate,
GABA, LEP, VIP, PACAP, Nitric oxide, NOS1, FGF1, PDGF, SLIT2, SLIT3, IL15, IL7, IL12A,
PENK, CHAT and TPH2; or NPYR1, CALCRL, GRM8, GABRE, LEPR, VIPR2, GRIA4,
GUCY 1A3, FGFR1, PDGFRB, ROBOI, ROB02, IL15R, IL7R, IL12RB1, OPRM1, CHRNE and
HTR3A. In certain embodiments, the one or more agents modulate the expression, activity or
function of one or more genes selected from the group consisting of: NPY and CGRP; or NPYR1
and CALCRL. In certain embodiments, the one or more agents modulate the expression, activity
or function of one or more core transcriptional programs according to Table 23. In certain
embodiments, the one or more agents modulate the expression, activity or function of one or more
genes of the one or more core transcriptional programs.

[0036] In certain embodiments, the one or more agents comprise an antibody, small molecule,
small molecule degrader, genetic modifying agent, nucleic acid agent, antibody-like protein
scaffold, aptamer, protein, or any combination thereof. In certain embodiments, the genetic
modifying agent comprises a CRISPR system, RNAIi system, a zinc finger nuclease system, a
TALE, or ameganuclease. In certain embodiments, the CRISPR system comprises Cas9, Casl2,

or Cadl4. In certain embodiments, the CRISPR system comprises a dCas fused or otherwise linked
to a nucleotide deaminase. In certain embodiments, the nucleotide deaminase is a cytidine
deaminase or an adenosine deaminase. In certain embodiments, the dCas is a dCas9, dCasl2,

dCasl3, or dCad4. In certain embodiments, the nucleic acid agent or genetic modifying agent is
administered with avector. In certain embodiments, the nucleic acid agent or genetic modifying
agent is under the control of a promoter specific to a marker gene for the one or more neurons
according to Table 14 or Table 21. In certain embodiments, the nucleic acid agent is a nucleotide
sequence encoding the one or more genes (e.g., an overexpression vector, a sequence encoding a

cDNA of agene).
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[0037] In certain embodiments, the one or more agents are administered to the gut.

[0038] In another aspect, the present invention provides for amethod of detecting one or more
cells of the enteric nervous system (ENS) comprising detecting one or more markers according to
Table 14-17 or Table 20-22. In certain embodiments, detecting the one or more markers comprises
immunohi stochemi stry .

[0039] In another aspect, the present invention provides for amethod of screening for agents
capable of modulating expression of atranscription program according to Table 23 comprising:
administering an agent to a population of cells comprising neurons selected from the group
consisting of PEMN1, PEMN2, PIMN1, PIMN2, PIMN3, PIMN4, PIMN5, PIN1, PIN2, PSN and
PSVN; and detecting expression of one or more genes in the transcriptional program. In certain
embodiments, detecting expression comprises RT-PCR, RNA-seq, single cell RNA-seq,
fluorescently labeled probes, or animmunoassay. In certain embodiments, the neurons express one
or more reporter genes under control of a promoter specific to the one or more genes in the
transcriptional program and detecting comprises detecting the reporter gene.

[0040] In another aspect, the present invention provides for a method of identifying gene
expression in single cells comprising providing sequencing reads from asingle nuclei sequencing
library and counting sequencing reads mapping to introns and exons. In certain embodiments, the
method further comprises filtering the single nuclei. In certain embodiments, nuclei doublets are
removed by filtering. In certain embodiments, nuclei containing ambient RNA or ambient RNA
alone isremoved by filtering.

[0041] These and other aspects, objects, features, and advantages of the example embodiments
will become apparent to those having ordinary skill in the art upon consideration of the following

detailed description of illustrated example embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] An understanding of the features and advantages of the present invention will be
obtained by reference tothe following detailed description that sets forth illustrative embodiments,
in which the principles of the invention may be utilized, and the accompanying drawings of which:
[0043] FIG. 1- Schematic of variables of extracting nuclel from a FFPE tissue block and
preparing cDNA.
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[0044] FIG. 2 - Image of nuclei and FACS plot using douncing in the FFPE extraction
protocol.

[0045] FIG. 3 - Image of nuclei and FACS plot using chopping in the FFPE extraction
protocol.

[0046] FIG. 4 - Image of nuclei and FACS plot using 90C extraction and proteinase K in the
FFPE extraction protocol.

[0047] FIG. 5- Image of nuclei and FACS plot using 90C extraction and no proteinase K in
the FFPE extraction protocol.

[0048] FIG. 6 - Image of nuclel and FACS plot using room temperature extraction and
proteinase K in the FFPE extraction protocol.

[0049] FIG. 7 - Image of nuclel and FACS plot using room temperature extraction and no
proteinase K in the FFPE extraction protocol.

[0050] FIG. 8- Image of nuclei obtained from B16 PDX (patient derived xenograft) using
90C extraction in the FFPE extraction protocol.

[0051] FIG. 9- Image of cells obtained from B 16 PDX (patient derived xenograft) using room
temperature extraction in the FFPE extraction protocol.

[0052] FIG. 10 - Image of nuclei obtained from d4mra (patient derived xenograft) using 90C
extraction in the FFPE extraction protocol.

[0053] FIG. 11 - Image of cells obtained from d4mra (patient derived xenograft) using room
temperature extraction in the FFPE extraction protocol.

[0054] FIG. 12 - Images of nuclei and cells obtained using the FFPE extraction protocol.
[0055] FIG. 13 - Bioanalyzer electropherograms showing RNA quality (left) and cDNA
traces after amplification (right).

[0056] FIG. 14 - Image of nuclei used for RNA extraction and electropherograms showing
cDNA traces with and without heat steps.

[0057] FIG. 15 - Bioanalyzer electropherogram showing cDNA traces from bulk sorted
nuclei.

[0058] FIG. 16 - Bioanalyzer electropherograms from the samplesin Table 5. (xylene sample

in row5, oil sampleinrow 5, and frozen sample inrow 8).
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[0059] FIG. 17 - Bioanalyzer electropherograms from the samples extracted with TCL, 5000
nuclei and Xylene RNA control.
[0060] FIG. 18 - Bioanalyzer electropherograms from a FFPE sample treated a 55C for 15
minutes using TCL lysis buffer and oil isolation.
[0061] FIG. 19 - Bioanalyzer electropherograms from xylene extracted total RNA.
[0062] FIG. 20 - RAISIN RNA-seq captures RNA from intact nucle and associated
ribosomes. (A) Study overview. (B) Neuron nuclei enrichment with reporter mice. Representative
histology (left) and FACS (right) of ENS nuclei labelling. Histology and FACS images for all
models arein fig. 24A-C. (C-E) optimization of RAISIN and INNER Cell RNA-seg. (C) Cdlular
composition of each extraction. Ternary plot showing the proportion of nuclei expressing neuron,
glia or neither signature (triangle edges) from each extraction type (dots). Purple, green: published
protocols (16, 17). Blue, red: top performing protocols (n = 5,236 GFP+ sorted nuclei across all
protocols). (D) RAISIN and INNER Cell RNA-seq isolate nuclel with attached ribosomes and
rough ER. Ultra-thin section transmission electron microscopy (TEM) of nuclei extractions from
published methods (top) (16, 17) and with RAISIN (bottom left) and INNER Cell (bottom right)
methods. (E) Higher exorrintron ratios in RAISIN and INNER Cell methods. Exomintron ratio (y
axis, log2(ratio)) following snRNA-seq from each preparations in (D). All comparisons significant
(Wilcoxon test, p-value < 10'1); boxplots: 25%, 50%, and 75% quantiles; error bars: standard
deviation (SD). (F) RAISIN RNA-seq iscompatible with droplet-based RNA-seq. A t-distributed
stochastic neighbor embedding (t-SNE) of RAISIN RNA-seq profiles from mouse colon of 10,889
unsorted RAISINS profiled by droplet-based scRNA-seq and colored by cell type.
[0063] FIG. 21 - Mouse ENS atlas reveals 24 neuron subsets that vary with circadian
phase and colon location. (A-B) Mouse neuron reference map. (A) 24 neuron subsets profiled by
RAISIN RNA-seqg. t-SNE of 2,447 neuron RAISIN RNA-Seq profiles from mouse colon colored
by major putative neuron classes based on post hoc annotation (SOM). (B) Neuron subsets vary
by anatomical location and mouse line. Neuron subsets (columns) arranged by transcriptional
similarity (dendrogram, top) and annotated with the proportion of cells isolated from each
transgenic model (green pie chart) or colon segment (red/blue pie chart). Dot plot shows for select
neurotransmitters and neuropeptides (rows), the fraction of cells in each subset (dot size)
expressing the synthetic enzyme (top) or respective receptors (bottom) (genes for synthesis and
11
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receptors in table 18), and the mean expression level in expressing cells in the subset (dot color).
(C,D) Mouse ENS gene expression is affected by circadian rhythm. Distribution of neuron

gene expression levels (y axis, log,(TP10K+l)) of select genes (x axis) that are upregulated

at morning (red) or evening (blue) time points in all neurons (C) or at the morning time point
in PSNIs and PSN2s (D). (E) Changes in ENS expression aong colon length. Mean expression

across al neuron subsets (color bar) of significantly DE genes (columns) across colon
regions (rows), arranged by location of peak expression from proxima todistal. (F) Revisions
to the peristaltic model. Left: current model of the peristaltic circuit (adapted from 13). Right:
additions to this model derived from the ENS atlas. (G) The mechanosensitive ion channel Piezol

isexpressed in PIMNs and PEMNs. Distribution of gene expression levels (y axis, |og2(TPIOK+))
across neuron subsets (x axis) for genesin peristaltic model: Htr4 (top), Piezol (middlie) and Piezo2
(bottom). (H,l) Validation of gene expression in situ. Representative images of smFISH for Caleb
and Nmu (G) or Nog and Grp (H), both with Tubb3 immunostaining. Merged channels on right.
Inset: example neuron expressing al three markers.

[0064] FIG. 22 - Atlas of the human colon muscularis propria reveals 11 neuron subsets
with roles in immunity and disease. (A) Census of the human muscularis propria. t-SNE of
134,835 RAISIN RNA-seq profiles from the muscularis propria of cancer-proximal
macroscopically normal colon resections from 10 human donors, colored by cell type, annotated
post hoc. (B) Enteric neuron census. t-SNE of 83 1RAISIN RNA-seq profiles from enteric neurons,
colored by subset, annotated post hoc. (C) Correspondence of human and mouse enteric neurons.
Percent (dot size and color) of neurons from each human subset (rows) that matched each mouse
neuron subset (column) according to the classifier (SOM). (D) Transcriptional signatures
conserved between mouse and human neuron subsets. The fraction of expressing cells (dot size)
and mean expression level in expressing cells (dot color) of selected genes (columns) identified as
conserved for each neuron class (rows) between mouse (top) and human (bottom); full list
availableintable 23. (E-G) Characterization of ICCsinthe colon (E) ICC gene signature. Fraction
of expressing cells (dot size) and mean expression level in expressing cells (dot color) of selected
I|CC marker genes (columns) across human cell subsets (rows). (F) ICCs and not myocytes express
receptors for nitric oxide. Distribution of expression levels (x axis, 10g2(TPIOK+l)) of

acetylcholine (left) and nitric oxide (right) receptors across cell subsets (y axis). (G) In situ
12
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expression of key ICC markers in the human colon. (H) Proposed peristaltic circuitry. (1-J)
Inferred cell-cell interactions networks for human cells in the mucosa and muscularis propria. (1)
Statistically significant interactions. Nodes: cell subsets, annotated by type (color) and colon
location (bold: muscularis). Edges connect pairs of cell subsetswith asignificant excess of cognate
receptor-ligand pairs expressed ( < 0.05) relative to a null model (SOM). (J) Select receptor-
ligand interactions between neurons and adipocytes, fibroblasts, and immune cell subsets. (K,L)
Representative in situ validations of IL-7 expression in NOS1+ neurons (K) and IL-12 expression
in CHAT+ neurons (L).

[0065] FIG. 23 - Human enteric neurons express disease risk genes for primary
enteroneuropathies, I1BD, and CNS disorders with concomitant gut dysmotility. Mean
expression (scaled log2(TPIOK+l)) across cell subsets (rows) of putative risk genes (columns)
implicated by GWAS for Hirschsprung's disease (HRSC), inflammatory bowel disease (IBD),
autism spectrum disorders (ASD), and Parkinson’s disease (PD) (SOM), which were identified as
cell-specific in ether (A) the colon mucosa, or (B) the colon muscularis propria

[0066] FIG. 24 - Mouse models for snRNA-seq optimization. (A-C) Labeling of nuclel in
the mouse colon using different Cre-driver lines and conditional nuclear sfGFP (INTACT allele)
(A3), or regulatory region driving expression of nuclear mCherry (C). Representative images
show cross-section of mouse colon with muscularis propria (bottom) and mucosa (top) (Ieft).
FACS plots (right) show enriched populations. (D) snRNA-seq of GFP* nuclei from SoxIO-
Cre)INTACT animals. Fraction (y axis) of identified cell-types (x axis) in samples obtained from
the brain (grey) and colon (black) using two previously published snRNA-seq methods (16, 17).
[0067] FIG. 25- Buffer optimization for snRNA-seq. (A) Decision tree for selection of best
buffers. (B) RAISIN RNA-seq has optimal combination of ENS proportions and neuron quality
scores. ENS signature score (y axis, mean and standard error of the mean (SEM); 1og2(TPIOK +l);
SOM) and number of detected genes per nucleus (x axis, mean and SEM) for each of 36 total
conditions. Dot size: percent neurons captured. Select nuclei extractions are marked in color
(legend). (C-E) Quality scores across all tested parameters. Quality metrics (columns, x axes) for
(C) arange of concentrations f axes) across detergents, (D) mechanical extraction procedures,
and (E) buffers.

13



WO 2020/077236 PCT/US2019/055894

[0068] FIG. 26 - Extracted nuclel across different protocols. Representative phase contrast
images of nuclei isolated using extractions with different detergents or extraction kits (grey, SOM)
and buffers (blue), with varying detergent concentrations and additives (marked on image). All
extractions were performed with the ‘chop’ method (SOM) unless otherwise indicated.
[0069] FIG. 27 - Reproducibility and validations for the mouse ENS atlas. (A, B)
Reproducible cell subset distributions across transgenic mouse lines and individual mice. t-SNE
of RAISIN RNA-seq profiles of 2,447 neurons (A) and 2,734 glia (B) colored by cell subset (Ieft),
mouse model (middlie), or donor mouse (right). (C) Neuron composition in colon. Percent of all
cells in the colon that are neurons (y axis) as estimated by FACS (transgene expressing nuclei us.
unlabeled nuclel) andpost-hoc adjustment using RAISIN RNA-seq data. (D) Chat*Nosl * neurons.
Representative images of Chat and Nosl expression in neurons. (E) Nog*Grp* neurons.
Representative images of neurons that co-express Nog and Grp, showing they are not derived from
the SoxlO-Cre lineage (GFP).
[0070] FIG. 28 - Representative in situ validations confirming the co-expression of
marker genesfor excitatory motor and sensory neurons. Grey-scale in situ validation showing
co-expression of DAPI (blue) along with either (A) Piezo 1 (green), Chat (red) and Tubb3 (white);
inset: Piezol *Chat*Tubb3* PEMN; (B) Htr4 (green), Chat (red), and Tubb3 (white); inset:
Htr4*Chat*Tubb3+* PEMN; (C) Htr4 (green), both forms of CGRP (red), and Tubb3 (white); top
inset: CalcatNosl *Tubb3* PSN; bottom inset: Caleb*Nosl *Tubb3* PSN; (D) Cck (green), Piezo2
(red), and Tubb3 (white); yellow inset: Cck*Piezo2+Tubb3* PSN in muscularis propria; red inset:
Cck*Piezo2*Tubb3* PSN inlamina propria; or (E) Caleb (green), Chat (red), and Sst (white); inset:
Calcb*Chat*Sst* PSN.
[0071] FIG. 29 - Expression profiles reveal key functions of mouse enteric neuron
subsets. Fraction of expressing cells (dot size) and the mean levels in expressing (non-zero) cells
(dot color) of select markers. (A) Major neurotransmitters and neuropeptides (left) and other genes
(right) (columns), across neuron subsets (rows). (B) unique markers (columns) across neuron
subsets (rows).
[0072] FIG. 30 - Reproducible cell subset distributions across ten human donors. (A-F)
Shared and donor-specific cell subsetsinthe human cell census. t-SNE of 134,835 RAISIN RNA-
seq profiles (A,D), 831 neurons (B,E), or 6,878 glia from cancer-proximal colon resections
14
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collected from ten human donors, colored by cell subset (A-C) or patient identifier (D-F). (G-J)
Removal of oxidative phosphorylation (OXPHOS) signal in human neurons improved clustering
by cell subset rather than cell state. t-SNE of human enteric neurons after removal of PC1 (G,
identical to C) and before removal of PC1 (H-J) colored by cell subset, PC1 score (1), or OXPHOS
expression score (J).
[0073] FIG. 31 - Expresson profiles reveal key functions of human enteric neuron
subsets. Fraction of expressing cells (dot size) and the mean expression levels in expressing (non-
zero) cells (dot color) of (A) maor neurotransmitters and neuropeptides and (B) other genes
(columns) across human neuron subsets (rows). Dueto low levels of CHAT expression, Applicants
used the acetylcholine transporter, SLC5A7, asamarker of cholinergic neurons.
[0074] FIG. 32 - Human enteric neurons express disease risk genes for autism,
Parkinson’s disease, schizophrenia, and I1BD. Mean expression (scaled log2(TPIOK+l)) across
cell subsets (rows) of putative risk genes (columns) implicated by GWAS for autism, Parkinson’s
disease, schizophrenia, and IBD.
[0075] FIG. 33 - Examples of multiple tissues and multiple individuals for analysis by single-
cell genomics.
[0076] FIG. 34- Single nuclei RNA-seq analysis pipeline.
[0077] FIG. 35 - Violin plots showing the number of genes detected per nuclei from two
preparations of nuclel counting reads mapping to exons only or exons and introns.
[0078] FIG. 36 - Graph showing the number of nuclel passing quality control from two
preparations of nuclel counting reads mapping to exons only or exons and introns.
[0079] FIG. 37 - Violin plots showing the number of genes detected per nuclel for nuclei
subsets identified. The data was filtered using thresholds for single cell RNA-seq.
[0080] FIG. 38 - Violin plots showing the number of genes detected per nuclel for nuclei
subsets identified. The data was filtered using thresholds for single cell RNA-seg. Plot showing
expression of TRAC inthe nuclei subsets.
[0081] FIG. 39 - lllustration of applying filters to remove data obtained from droplets
containing abarcoded bead and doublets (two cells).
[0082] FIG. 40 - lllustration of applying filters to remove data obtained from droplets
containing ambient RNA.
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[0083] FIG. 41- Example of clustering lung cell subsets from atissue sample.

[0084] FIG. 42 - Violin plots showing the number of genes detected per nuclel for four

preparations from the same individual tissue.

[0085] FIG. 43 - Vialin plots showing the number of genes detected per nuclel for tissue

samples from three individuals using the same nuclei preparation.

[0086] FIG. 44 - Violin plots showing the proportion of reads mapping to mitochondrial genes

from nuclel isolated from lung and heart tissues.

[0087] FIG. 45- tSNE plots combining single nuclei RNA-seq preparations from 12 samples.

Left panel shows clustersidentified. Right panel shows cellsfrom each individual. Illustrates tSNE

clusters cells by individuals without using batch correction.

[0088] FIG. 46 - tSNE plots combining single nuclei RNA-seq preparations from 12 samples.

Left panel shows clustersidentified. Right panel shows cellsfrom each individual. Illustrates tSNE

clusters cells by cell type when using batch correction (see, eg., LIGER: Josh Welch, Evan

Macosko (BRAIN BICCN project), bioRxiv).

[0089] FIG. 47 - tSNE plots for each sample after combining single nuclei RNA-seq

preparations from the 12 samples. Each preparation shows similar clusters.

[0090] FIG. 48 - Heat map showing differential gene expression between the nuclei subsets.

[0091] FIG. 49 - tSNE of the single nuclei RNA-seq from the 12 lung samples showing

clustering of the major subsets of parenchymal, stromal, and immune cells in lung tissue.

[0092] FIG. 50 - tSNE of the Genotype-Tissue Expression (GTEX) project tissues after using

improved single nuclei RNA-seq methods.

[0093] FIG. 51 - Schematic showing detection of quantitative trait loci (QTLS) using the

improved single nuclei RNA-seq pipeline and multiple individuals.

[0094] FIG. 52 - tSNE representing nuclel from three individuals that was pooled together

(top). tSNE showing demultiplexing of the nuclei (bottom).

[0095] FIG. 53A-53L - scRNA-Seq toolbox for fresh tumor samples. (53A, 53B) Study

Overview. (53A) sc/snRNA-Seq workflow, experimental and computational pipelines, and

protocol selection criteria. (53B) Tumor types in the study. Right column: recommended protocols

for fresh (black/cells) or frozen (blue/nuclei) tumor samples. (53C) Flow chart for collection and

processing of fresh tumor samples. (53D-53G) Comparison of three dissociation protocols applied
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to one NSCLC sample. (53D) Protocol performance varies across cell types. Top and middle:
Distribution of number of reads/cell, number of UMI/cell, number of genes/cell, and fraction of
mitochondrial reads (f axes) in each protocol (x axis) across the entire dataset, Bottom:
Distribution of number of genes/cell (y axis) only in epithelial cells (Ieft) orin B cells (right). (53E)
Protocols vary in number of empty drops. UMAP embedding of single cell profiles (dots) for each
protocol, colored by assignment as cell (grey) or empty drop (black). Horizontal bars: fraction of
assigned cells (grey) and empty drops (black). (53F, 53G) Protocols vary in diversity of cell types
captured. (53F) Top: UMAP embedding of single cell profiles (dots) from all three protocols,
colored by assigned cell subset signature. Bottom: Proportion of cells in each subset in each of the
three protocols, and in an analysis using CD45 depletion; n indicates the number of recovered cells
passing QC. (53G) UMAP embedding as in (53F) colored by protocol. (53H-53L) Protocol
comparison across tumor types. (53H) Cell type composition. Proportion of cells assigned to each
cell subset signature (color) for each sample. R: Resection; B: Biopsy; A: Ascites; BD: Blood
draw; O-PDX: Orthotopic patient-derived xenograft. (531-53L) QC metrics. The median number
of UMIg/cell, median number of genes/cell, median fraction of gene expression/cell from
mitochondrial genes, and fraction of empty drops (x axes) for each sample in (53H) § axis).

[0096] FIG. 54A-54J - snRNA-Seq toolbox for frozen tumor samples. (54A) Flow chart for
collection and processing of frozen tumor samples. (54B-54D) Comparison of four nucleus
isolation protocols in one neuroblastoma sample. (54B) Variation in protocol performance.
Distribution of number of UMI/nucleus, number of genes/nucleus, and fraction of mitochondrial
reads (/ axes) in each protocol (x axis) across all nuclel in the dataset. (54C, 54D) Protocols vary
in diversity of cell types captured. (54C) Top: UMAP embedding of single nucleus profiles (dots)
from all four protocols, colored by assigned cell subset signature. Bottom: Proportion of cells from
each subset in each of the four protocols. (54D) UMAP embedding asin (54C) colored by protocol.
(54E-54H) Protocol comparison across tumor types. (54E) Cell-type composition. Proportion of
cells assigned with each cell subset signature (color) for each sample. R: Resection; B: Biopsy; A:
Ascites; BD: Blood draw; O-PDX: Orthotopic patient-derived xenograft. (54F-54H) QC metrics.
Median number of UMI/nucleus, median number of genes/nucleus, and median fraction of gene
expression/nucleus from mitochondrial genes for each sample in (54E). (541-54J) scRNA-seq and
snRNA-seq comparison in neuroblastoma. (541) Compositional differences between scRNA-Seq
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and snRNA-Seq of the same sample. UMAP embedding of scRNA-seq and snRNA-Seq profiles
of the same sample combined by CCA (Butler et a. Nature biotechnology 36:41 1-420 (2018)).
(Methods) showing profiles (dots) from either scRNA-seq (left) or snRNA-Seq (right), colored by
assigned cell type signatures. Bottom: Proportion of cellsin each subset in the two protocols. (54J)
Agreement in scRNA-seq and snRNA-seq intrinsic profiles. UMAP embedding as in (541)
showing both scRNA-seq and snRNA-Seq profiles, colored by assigned cell type signatures (top,
colored asin (541)) or by protocol (bottom).

[0097] FIG. 55 - Overview of processed samples. Samples processed in this study are listed
by tumor type (rows), along with their ID, tissue source (fresh or frozen, and OCT embedding),
processing protocols tested, the recommended protocol, and the Figure showing the sample's
analysis.

[0098] FIG. 56A-560 - SCRNA-Seq protocol comparison for one NSCLC sample. (45A)
Sample processing and QC overview. For each protocol, shown are the number of cells passing
QC, and the number of sequencing reads and sequencing saturation across al cells. The remaining
metrics are reported for those cells passing QC: the median number of reads per cell, median
number of UMIs per cell, median number of genes per cell, median fraction of UMIs mapping to
mitochondrial genes, median fraction of duplicated UMIs per cell, fraction of cell barcodes called
asempty droplets, and fraction of cell barcodes called as doublets. (56B) Read mapping QCs. The
percent of bases in the sequencing reads (y axis) mapping to the genome, transcriptome, and
intergenic regions (x axis) across the three protocols (colored bars). (56C-56D) Overal and cell
types specific QCs. Distribution of the number of reads per cell, number of UMIs per cell, number
of genes per cell, fraction of UMIs mapping to mitochondrial genes in each cell, and fraction of
duplicated UMIs per cell fy axes) in each of the three protocols (x axis), for al cells passing QC
(56C) and for cells passing QC from each cell type (56D, rows; if aprotocol has no cells of that
type, it isnot shown). (56E, 56F) Relation of empty droplets and doublets to cell types. UMAP
embedding of single cell (grey), “empty droplet” (red, top), and doublet (red, bottom) profiles for
each protocol. (56G-561) Cell type assignment. UMAP embedding of single cell profiles from each
protocol colored by assigned cell type signature. (56J-56L) Inferred CNA profiles. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across
the single cells (rows). Top: reference cells not expected to contain CNA in this cancer type.
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Bottom: cellstested for CNA relative to the reference cells. Color bar: assigned cell type signature
for each cell. (56M-560) Ambient RNA estimates. SoupX (Young et a. BioRxiv 303727 (2018)).
estimates of the fraction of RNA in each cell type derived from ambient RNA contamination {/
axis), with cell types ordered by their mean number of UMIs/cell (x axis). Red line: global average
of contamination fraction; Green line: LOWESS smoothed estimate of the contamination fraction
within each cell type, along with the associated confidence interval.

[0099] FIG. 57A-57H - ScRNA-Seq protocol comparison for NSCLC following read
down-sampling. Shown are analyses for NSCLC14 (as in Fig. 56), but after the total number of
sequencing reads within each sample was down-sampled to match the protocol with the fewest
total sequencing reads. (57A) Sample processing and QC overview. For each protocol, shown are
the number of cells passing QC. The remaining metrics are reported for those cells passing QC:
median number of UMIs per cell, median number of genes per cell, median fraction of UMIs
mapping to mitochondrial genes in each cell, fraction of cell barcodes called as empty droplets,
and fraction of cell barcodes called as doublets. (57B, 57C) Overall and cell types specific QCs.
Distribution of the number of UMIs per cell, number of genes per cell, and fraction of gene
expression per cell from mitochondrial genes (y axes) in each of the three protocols (x axis), for
all cells passing QC (57B) and for cells from each cell type (57C, rows; if aprotocol has no cells
of that type, it isnot shown). (57D, 57E) Relation of empty droplets and doublets to cell types.
UMAP embedding and fraction (horizontal bar) of single cell (grey), “empty droplet” (red, left),
and doublet (red, right) profiles for each protocol (57F-57H) Cell type assignment. UMAP
embedding of single cell profiles from each protocol colored by assigned cell type signature.
[00100] FIG. 58A-58I - Depletion protocol enriches for malignant cellsin freshly processed
NSCLC. Cells were processed using the PDEC protocol or the PDEC protocol combined with
depletion of CD45* cells. (58A) Sample processing and QC overview. For each protocol, shown
are the number of cells passing QC, and the number of sequencing reads and sequencing saturation
across al cells. The remaining metrics are reported for those cells passing QC: median number of
reads per cell, median number of UMIs per cell, median number of genes per cell, median fraction
of UMIs mapping to mitochondrial genes in each cell, fraction of cell barcodes called as empty
droplets, and fraction of cell barcodes called as doublets. (58B) Read mapping QCs. The percent
of bases in the sequencing reads / axis) mapping to the genome, transcriptome, and intergenic
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regions (x axis) in each of the two protocols (colored bars). (58C) Overall QCs. Distribution of the
number of reads per cell, number of UMIs per cell, number of genes per cell, and fraction of UMIs
mapping to mitochondrial genes in each cell {y axes) in each of the three protocols (x axis) for all
cells passing QC. (58D, 58E) Relation of empty droplets and doublets to cell types. UMAP
embedding and fraction (horizontal bar) of single cell (grey), “empty droplet” (red, left) and
doublet (red, right) profiles for each protocol. (58F-58G) Cell type assignment. UMAP embedding
of single cell profiles from each protocol colored by assigned cell type signature. (58H-58I)
Inferred CNA profiles for cells from each protocol. Chromosomal amplification (red) and deletion
(blue) inferred in each chromosomal position (columns) across the single cells (rows). Top:
reference cells not expected to contain CNA in this cancer type. Bottom: cells tested for CNA
relative to the reference cells. Color bar: assigned cell type signature for each cell.

[00101] FIG. 59A-59I - Application of CD45* cell depletion protocol for processing ascites
from ovarian cancer. (59A) Sample processing and QC overview. Shown are the number of cells
passing QC, and the number of sequencing reads and sequencing saturation across al cells. The
remaining metrics are reported for those cells passing QC: median number of reads per cell, median
number of UMIs per cell, median number of genes per cell, median fraction of UMIs mapping to
mitochondrial genes in each cell, fraction of cell barcodes called as empty droplets, and fraction
of cell barcodes caled as doublets. (59B) Read mapping QCs. The percent of bases in the
sequencing reads (y axis) mapping to the genome, transcriptome, and intergenic regions (x axis).
(59C) Overdl QCs. Distribution of the number of reads per cell, number of UMIs per cell, number
of genes per cell, and fraction of UMIs mapping to mitochondrial genes in each cell §f axes) for
al cells passing QC. (59D, 59E) Relation of empty droplets and doublets to cell types. UMAP
embedding and fraction (horizontal bar) of single cell (grey), “empty droplet” (red, left) and
doublet (red, right) profiles. (59F) Cell type assignment. UMAP embedding of single cell profiles
colored by assigned cell type signature. (59G, 59H) Flow-cytometry comparison of single cells
isolated (59G) without or (59H) with depletion of CD45* cells. Cells were gated by FSC and SSC
(first column), doublets removed using FSC-A and FSC-H (second column), live cells identified
using 7AAD (third column), and the distribution of immune and non-immune cells quantified
using a CD45 antibody (fourth column). (591) Inferred CNA profiles for cells. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across
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the single cells (rows). Top: reference cells not expected to contain CNA in this cancer type.
Bottom: cellstested for CNA relative to the reference cells. Color bar: assigned cell type signature
for each cell.

[00102] FIG. 60A-60G - Protocol for lymph node resection of metastatic breast cancer.
(60A) Sample processing and QC overview. Shown are the number of cells passing QC, and the
number of sequencing reads and sequencing saturation across al cells. The remaining metrics are
reported for those cells passing QC: median number of reads per cell, median number of UMIs per
cell, median number of genes per cell, median fraction of UMIs mapping to mitochondrial genes
in each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes called
as doublets. (60B) Read mapping QCs. The percent of bases in the sequencing reads § axis)
mapping to the genome, transcriptome, and intergenic regions (x axis). (60C) Overall QCs.
Distribution of the number of reads per cell, number of UMIs per cell, number of genes per cell,
and fraction of UMIs mapping to mitochondrial genes in each cell (y axes) for all cells passing
QC. (60D, 60E) Relation of empty droplets and doublets to cell types. UMAP embedding and
fraction (horizontal bar) of single cell (grey), “empty droplet” (red, left) and doublet (red, right)
profiles. (60F) Cell type assignment. UMAP embedding of single cell profiles colored by assigned
cell type signature. (60G) Inferred CNA profiles for cells. Chromosomal amplification (red) and
deletion (blue) inferred in each chromosomal position (columns) across the single cells (rows).
Top: reference cells not expected to contain CNA in this cancer type. Bottom: cellstested for CNA
relative to the reference cells. Color bar: assigned cell type signature for each cell.

[00103] FIG. 61A-61G - Protocol for lymph node biopsy of metastatic breast cancer. (61A)
Sample processing and QC overview. Shown are the number of cells passing QC, and the number
of sequencing reads and sequencing saturation across al cells. The remaining metrics are reported
for those cells passing QC: median number of reads per cell, median number of UMIs per cell,
median number of genes per cell, median fraction of fraction of UMIs mapping to mitochondrial
genes in each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes
called asdoublets. (61B) Read mapping QCs. The percent of bases in the sequencing reads y axis)
mapping to the genome, transcriptome, and intergenic regions (x axis). (61C) Overall QCs.
Distribution of the number of reads per cell, number of UMIs per cell, number of genes per cell,
and fraction of UMIs mapping to mitochondrial genes in each cell {f axes) for al cells passing
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QC. (61D, 61E) Relation of empty droplets and doublets to cell types. UMAP embedding and
fraction (horizontal bar) of single cell (grey), “empty droplet” (red, left) and doublet (red, right)
profiles. (61F) Cell type assignment. UMAP embedding of single cell profiles colored by assigned
cell type signature. (61G) Inferred CNA profiles for cells. Chromosomal amplification (red) and
deletion (blue) inferred in each chromosomal position (columns) across the single cells (rows).
Top: reference cells not expected to contain CNA in this cancer type. Bottom: cellstested for CNA
relative to the reference cells. Color bar: assigned cell type signature for each cell.

[00104] FIG. 62A-62G - Protocol for liver biopsy of metastatic breast cancer. (62A) Sample
processing and QC overview. Shown are the number of cells passing QC, and the number of
sequencing reads and sequencing saturation across al cells. The remaining metrics are reported
for those cells passing QC: median number of reads per cell, median number of UMIs per cell,
median number of genes per cell, median fraction of UMIs mapping to mitochondrial genes in
each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes called as
doublets. (62B) Read mapping QCs. The percent of bases in the sequencing reads f/ axis) mapping
to the genome, transcriptome, and intergenic regions (x axis). (62C) Overall QCs. Distribution of
the number of reads per cell, number of UMIs per cell, number of genes per cell, and fraction of
UMIs mapping to mitochondrial genes in each cell (y axes) for all cells passing QC. (62D, 62E)
Relation of empty droplets and doublets to cell types. UMAP embedding and fraction (horizontal
bar) of single cell (grey), “empty droplet” (red, left) and doublet (red, right) profiles. (62F) Cell
type assignment. UMAP embedding of single cell profiles colored by assigned cell type signature.
(62G) Inferred CNA profiles for cells. Chromosoma amplification (red) and deletion (blue)
inferred in each chromosomal position (columns) across the single cells (rows). Top: reference
cells not expected to contain CNA in this cancer type. Bottom: cellstested for CNA relative to the
reference cells. Color bar: assigned cell type signature for each cell.

[00105] FIG. 63A-63G - Protocol for liver biopsy of metastatic breast cancer. (63A) Sample
processing and QC overview. Shown are the number of cells passing QC, and the number of
sequencing reads and sequencing saturation across al cells. The remaining metrics are reported
for those cells passing QC: median number of reads per cell, median number of UMIs per cell,
median number of genes per cell, median fraction of UMIs mapping to mitochondrial genes in
each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes called as
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doublets. (63B) Read mapping QCs. The percent of bases in the sequencing reads fy axis) mapping
to the transcriptome and intergenic regions (x axis). (63C) Overall QCs. Distribution of the number
of reads per cell, number of UMIs per cell, number of genes per cell, and fraction of UMIs mapping
to mitochondrial genesin each cell (y axes) for al cells passing QC. (63D, 63E) Relation of empty
droplets and doublets to cell types. UMAP embedding and fraction (horizontal bar) of single cell
(grey), “empty droplet” (red, left) and doublet (red, right) profiles. (63F) Cell type assignment.
UMAP embedding of single cell profiles colored by assigned cell type signature. (63G) Inferred
CNA profiles for cells. Chromosomal amplification (red) and deletion (blue) inferred in each
chromosomal position (columns) across the single cells (rows). Top: reference cells not expected
to contain CNA in this cancer type. Bottom: cells tested for CNA relative to the reference cells.
Color bar: assigned cell type signature for each cell.

[00106] FIG. 64A-64G - Protocol for pre-treatment biopsy of neuroblastoma. (64A)
Sample processing and QC overview. Shown are the number of cells passing QC, and the number
of sequencing reads and sequencing saturation across al cells. The remaining metrics are reported
for those cells passing QC: median number of reads per cell, median number of UMIs per cell,
median number of genes per cell, median fraction of UMIs mapping to mitochondrial genes in
each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes called as
doublets. (64B) Read mapping QCs. The percent of bases in the sequencing reads fy axis) mapping
to the genome, transcriptome, and intergenic regions (x axis). (64C) Overall QCs. Distribution of
the number of reads per cell, number of UMIs per cell, number of genes per cell, and fraction of
UMIs mapping to mitochondrial genes in each cell {f axes) for al cells passing QC. (64D, 64E)
Relation of empty droplets and doublets to cell types. UMAP embedding and fraction (horizontal
bar) of single cell (grey), “empty droplet” (red, left) and doublet (red, right) profiles. (64F) Cell
type assignment. UMAP embedding of single cell profiles colored by assigned cell type signature.
(64G) Inferred CNA profiles for cells. Chromosomal amplification (red) and deletion (blue)
inferred in each chromosomal position (columns) across the single cells (rows). Top: reference
cells not expected to contain CNA in this cancer type. Bottom: cellstested for CNA relative to the
reference cells. Color bar: assigned cell type signature for each cell.

[00107] FIG. 65A-65G - Protocol for post-treatment resection of neuroblastoma. (65A)
Sample processing and QC overview. Shown are the number of cells passing QC, and the number
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of sequencing reads and sequencing saturation across al cells. The remaining metrics are reported
for those cells passing QC: median number of reads per cell, median number of UMIs per cell,
median number of genes per cell, median fraction of UMIs mapping to mitochondrial genes in
each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes called as
doublets. (65B) Read mapping QCs. The percent of bases in the sequencing reads f/ axis) mapping
to the genome, transcriptome, and intergenic regions (x axis). (65C) Overall QCs. Distribution of
the number of reads per cell, number of UMIs per cell, number of genes per cell, and fraction of
UMIs mapping to mitochondrial genes in each cell (y axes) for all cells passing QC. (65D, 65E)
Relation of empty droplets and doublets to cell types. UMAP embedding and fraction (horizontal
bar) of single cell (grey), “empty droplet” (red, left) and doublet (red, right) profiles. (65F) Cell
type assignment. UMAP embedding of single cell profiles colored by assigned cell type signature.
(65G) Inferred CNA profiles for cells. Chromosomal amplification (red) and deletion (blue)
inferred in each chromosomal position (columns) across the single cells (rows). Top: reference
cells not expected to contain CNA in this cancer type. Bottom: cells tested for CNA relative to the
reference cells. Color bar: assigned cell type signature for each cell.

[00108] FIG. 66A-66F - Protocol for O-PDX of neuroblastoma. (66A) Sample processing
and QC overview. Shown are the number of cells passing QC, and the number of sequencing reads
and sequencing saturation across al cells. The remaining metrics are reported for those cells
passing QC: median number of reads per cell, median number of UMIs per cell, median number
of genes per cell, median fraction of UMIs mapping to mitochondrial genes in each cell, fraction
of cell barcodes called as empty droplets, and fraction of cell barcodes called as doublets. (66B)
Read mapping QCs. The percent of bases in the sequencing reads / axis) mapping to the genome,
transcriptome, and intergenic regions (x axis). (66C) Overal QCs. Distribution of the number of
reads per cell, number of UMIs per cell, number of genes per cell, and fraction of UMIs mapping
to mitochondrial genesin each cell {y axes) for al cells passing QC. (66D, 66E) Relation of empty
droplets and doublets to cell types. UMAP embedding and fraction (horizontal bar) of single cell
(grey), “empty droplet” (red, left) and doublet (red, right) profiles. (66F) Cell type assignment.
UMAP embedding of single cell profiles colored by assigned cell type signature.

[00109] FIG. 67A-67G - Protocol for resection of neuroblastoma. (67A) Sample processing
and QC overview. Shown are the number of cells passing QC, and the number of sequencing reads
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and sequencing saturation across al cells. The remaining metrics are reported for those cells
passing QC: median number of reads per cell, median number of UMIs per cell, median number
of genes per cell, median fraction of UMIs mapping to mitochondrial genes in each cell, fraction
of cell barcodes called as empty droplets, and fraction of cell barcodes called as doublets. (67B)
Read mapping QCs. The percent of bases in the sequencing reads f/ axis) mapping to the genome,
transcriptome, and intergenic regions (x axis). (67C) Overall QCs. Distribution of the number of
reads per cell, number of UMIs per cell, number of genes per cell, and fraction of UMIs mapping
to mitochondrial genesin each cell (y axes) for al cells passing QC. (67D, 67E) Relation of empty
droplets and doublets to cell types. UMAP embedding and fraction (horizontal bar) of single cell
(grey), “empty droplet” (red, left) and doublet (red, right) profiles. (67F) Cell type assignment.
UMAP embedding of single cell profiles colored by assigned cell type signature. (67G) Inferred
CNA profiles for cells. Chromosomal amplification (red) and deletion (blue) inferred in each
chromosomal position (columns) across the single cells (rows). Top: reference cells not expected
to contain CNA in this cancer type. Bottom: cells tested for CNA relative to the reference cells.
Color bar: assigned cell type signature for each cell.

[00110] FIG. 68A-68G - Protocol for resection of glioma. (68A) Sample processing and QC
overview. Shown are the number of cells passing QC, and the number of sequencing reads and
sequencing saturation across al cells. The remaining metrics are reported for those cells passing
QC: median number of reads per cell, median number of UMIs per cell, median number of genes
per cell, median fraction of UMIs mapping to mitochondrial genes in each cell, fraction of cell
barcodes called as empty droplets, and fraction of cell barcodes called as doublets. (68B) Read
mapping QCs. The percent of bases in the sequencing reads (f axis) mapping to the genome,
transcriptome, and intergenic regions (x axis). (68C) Overall QCs. Distribution of the number of
reads per cell, number of UMIs per cell, number of genes per cell, and fraction of UMIs mapping
to mitochondrial genesin each cell {y axes) for al cells passing QC. (68D, 68E) Relation of empty
droplets and doublets to cell types. UMAP embedding and fraction (horizontal bar) of single cell
(grey), “empty droplet” (red, left) and doublet (red, right) profiles. (68F) Cell type assignment.
UMAP embedding of single cell profiles colored by assigned cell type signature. (68G) Inferred
CNA profiles for cells. Chromosomal amplification (red) and deletion (blue) inferred in each
chromosomal position (columns) across the single cells (rows). Top: reference cells not expected
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to contain CNA in this cancer type. Bottom: cells tested for CNA relative to the reference cells.
Color bar: assigned cell type signature for each cell.

[00111] FIG. 69A-69G - Protocol for resection of ovarian cancer. (69A) Sample processing
and QC overview. Shown are the number of cells passing QC, and the number of sequencing reads
and sequencing saturation across al cells. The remaining metrics are reported for those cells
passing QC: median number of reads per cell, median number of UMIs per cell, median number
of genes per cell, median fraction of UMIs mapping to mitochondrial genes in each cell, fraction
of cell barcodes called as empty droplets, and fraction of cell barcodes called as doublets. (69B)
Read mapping QCs. The percent of bases in the sequencing reads f/ axis) mapping to the genome,
transcriptome, and intergenic regions (x axis). (69C) Overall QCs. Distribution of the number of
reads per cell, number of UMIs per cell, number of genes per cell, and fraction of UMIs mapping
to mitochondrial genesin each cell (y axes) for al cells passing QC. (69D, 69E) Relation of empty
droplets and doublets to cell types. UMAP embedding and fraction (horizontal bar) of single cell
(grey), “empty droplet” (red, left) and doublet (red, right) profiles. (69F) Cell type assignment.
UMAP embedding of single cell profiles colored by assigned cell type signature. (69G) Inferred
CNA profiles for cells. Chromosomal amplification (red) and deletion (blue) inferred in each
chromosomal position (columns) across the single cells (rows). Top: reference cells not expected
to contain CNA in this cancer type. Bottom: cells tested for CNA relative to the reference cells.
Color bar: assigned cell type signature for each cell.

[00112] FIG. 70A-70G - Protocol for cryopreserved sample of CLL. (70A) Sample
processing and QC overview. Shown are the number of cells passing QC, and the number of
sequencing reads and sequencing saturation across al cells. The remaining metrics are reported
for those cells passing QC: median number of reads per cell, median number of UMIs per cell,
median number of genes per cell, median fraction of UMIs mapping to mitochondrial genes in
each cell, fraction of cell barcodes called as empty droplets, and fraction of cell barcodes called as
doublets. (70B) Read mapping QCs. The percent of bases in the sequencing reads f/ axis) mapping
to the genome, transcriptome, and intergenic regions (x axis). (70C) Overall QCs. Distribution of
the number of reads per cell, number of UMIs per cell, number of genes per cell, and fraction of
UMIs mapping to mitochondrial genes in each cell {f axes) for al cells passing QC. (70D, 70E)
Relation of empty droplets and doublets to cell types. UMAP embedding and fraction (horizontal
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bar) of single cell (grey), “empty droplet” (red, left) and doublet (red, right) profiles. (70F) Cell
type assignment. UMAP embedding of single cell profiles colored by assigned cell type signature.
(70G) Inferred CNA profiles for cells. Chromosomal amplification (red) and deletion (blue)
inferred in each chromosomal position (columns) across the single cells (rows). Top: reference
cells not expected to contain CNA in this cancer type. Bottom: cells tested for CNA relative to the
reference cells. Color bar: assigned cell type signature for each cell.

[00113] FIG. 71A-71M - SnRNA-Seq protocol comparison for one neuroblastoma sample.
(71A) Sample processing and QC overview. For each protocol, shown are the number of nuclei
passing QC, and the number of sequencing reads and sequencing saturation across all nuclei. The
remaining metrics are reported for those nuclel passing QC: the median number of reads per
nucleus, median number of UMIs per nucleus, median number of genes per nucleus, median
fraction of UMIs mapping to mitochondrial genes in each nucleus, median fraction of duplicated
UMIs per nucleus, and fraction of nucleus barcodes called as doublets. (71B) Read mapping QCs.
The percent of bases in the sequencing reads f axis) mapping to the genome, transcriptome, and
intergenic regions (x axis) across the four protocols (colored bars). (71C-71D) Overall and cell
types specific QCs. Distribution of the number of reads per nucleus, number of UMIs per nucleus,
number of genes per nucleus, fraction of UMIs mapping to mitochondrial genes in each nucleus,
and fraction of duplicated UMIs per nucleus (y axes) in each of the four protocols (x axis), for all
nuclei passing QC (71C) and for nuclel from each cell type (71D, rows; if a protocol has no cells
of that type, it is not shown). (71E) Relation of doublets to cell types. UMAP embedding and
fraction (horizontal bar) of single nucleus (grey) and doublet (red) profiles for each protocol. (71F-
711) Cell type assignment. UMAP embedding of single nucleus profiles from each protocol
colored by assigned cell type signature. (71371M) Inferred CNA profiles. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across
the single nuclei (rows). Top: reference nuclei not expected to contain CNA in this cancer type.
Bottom: nuclei tested for CNA relative to the reference nuclei. Color bar: assigned cell type
signature for each nucleus.

[00114] FIG. 72A-72H - SnRNA-Seq protocol comparison for neuroblastoma following
read down-sampling. Shown are analyses for NB HTAPP-244-SMP-451 (asin Fig. 71), but after
the total number of sequencing reads within each sample was down-sampled to match the protocol
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with the fewest total sequencing reads. (72A) Sample processing and QC overview. For each
protocol, shown are the number of nuclei passing QC. The remaining metrics are reported for those
nuclel passing QC: median number of UMIs per nucleus, median number of genes per nucleus,
median fraction of UMIs mapping to mitochondrial genes in each nucleus, and fraction of nucleus
barcodes called as doublets. (72B, 72C) Overall and cell types specific QCs. Distribution of the
number of UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to
mitochondrial genes in each nucleus {f axes) in each of the four protocols (x axis), for al nuclei
passing QC (72B) and for nuclei from each cell type (72C, rows; if aprotocol has no cells of that
type, it isnot shown). (72D) Relation of doublets to cell types. UMAP embedding and fraction
(horizontal bar) of single nucleus (grey) and doublet (red) profiles for each protocol. (72E-72H)
Cell type assignment. UMAP embedding of single nucleus profiles from each protocol colored by
assigned cell type signature.

[00115] FIG. 73A-73H - Protocol comparison for resection of a breast cancer metastasis
from the brain. (73A) Sample processing and QC overview. For each protocol, shown are the
number of nuclel passing QC, and the number of sequencing reads and sequencing saturation
across all nuclei. The remaining metrics are reported for those nuclel passing QC: median number
of reads per nucleus, median number of UMIs per nucleus, median number of genes per nucleus,
median fraction of UMIs mapping to mitochondrial genes in each nucleus, and fraction of nucleus
barcodes called as doublets. (73B) Read mapping QCs. The percent of bases in the sequencing
reads (y axis) mapping to the genome, transcriptome, and intergenic regions (x axis). (73C) Overall
QCs. Didtribution of the number of reads per nucleus, number of UMIs per nucleus, number of
genes per nucleus, and fraction of UMIs mapping to mitochondrial genes in each nucleus / axes)
for al nuclei passing QC. (73D) Relation of doubletsto cell types. UMAP embedding and fraction
(horizontal bar) of single nucleus (grey) and doublet (red) profiles for each protocol. (73E-73F)
Cell type assignment. UMAP embedding of single nucleus profiles from each protocol colored by
assigned cell type signature. (73G-73H) Inferred CNA profiles for nuclei. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across
the single nuclei (rows). Top: reference nuclel not expected to contain CNA in this cancer type.
Bottom: nuclel tested for CNA relative to the reference nuclei. Color bar: assigned cell type
signature for each nucleus.
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[00116] FIG. 74A-74H - Protocol comparison for resection of metastatic breast cancer
from the brain. (74A) Sample processing and QC overview. For each protocol, shown are the
number of nuclei passing QC, and the number of sequencing reads and sequencing saturation
across all nuclei. The remaining metrics are reported for those nuclel passing QC: median number
of reads per nucleus, median number of UMIs per nucleus, median number of genes per nucleus,
median fraction of UMIs mapping to mitochondrial genes in each nucleus, and fraction of nucleus
barcodes called as doublets. (74B) Read mapping QCs. The percent of bases in the sequencing
reads f/ axis) mapping tothe genome, transcriptome, and intergenic regions (x axis). (74C) Overall
QCs. Digtribution of the number of reads per nucleus, number of UMIs per nucleus, number of
genes per nucleus, and fraction of UMIs mapping to mitochondrial genes in each nucleus (y axes)
for al nuclei passing QC. (74D) Relation of doubletsto cell types. UMAP embedding and fraction
(horizontal bar) of single nucleus (grey) and doublet (red) profiles for each protocol. (74E-74F)
Cell type assignment. UMAP embedding of single nucleus profiles from each protocol colored by
assigned cell type signature. (74G-74H) Inferred CNA profiles for nuclei. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across
the single nuclei (rows). Top: reference nuclel not expected to contain CNA in this cancer type.
Bottom: nuclel tested for CNA relative to the reference nuclei. Color bar: assigned cell type
signature for each nucleus.

[00117] FIG. 75A-75H - Protocol comparison for biopsy of metastatic breast cancer from
the liver. (75A) Sample processing and QC overview. For each protocol, shown are the number
of nuclel passing QC, and the number of sequencing reads and sequencing saturation across all
nuclei. The remaining metrics are reported for those nuclel passing QC: median number of reads
per nucleus, median number of UMIs per nucleus, median number of genes per nucleus, median
fraction of UMIs mapping to mitochondrial genesin each nucleus, and fraction of nucleus barcodes
called asdoublets. (75B) Read mapping QCs. The percent of bases in the sequencing reads y axis)
mapping to the genome, transcriptome, and intergenic regions (x axis). (75C) Overal QCs.
Distribution of the number of reads per nucleus, number of UMIs per nucleus, number of genes
per nucleus, and fraction of UMIs mapping to mitochondrial genes in each nucleus § axes) for all
nuclei passing QC. (75D) Relation of doublets to cell types. UMAP embedding and fraction
(horizontal bar) of single nucleus (grey) and doublet (red) profiles for each protocol. (75E-75F)
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Cell type assignment. UMAP embedding of single nucleus profiles from each protocol colored by
assigned cell type signature. (75G-75H) Inferred CNA profiles for nuclei. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across
the single nuclei (rows). Top: reference nuclel not expected to contain CNA in this cancer type.
Bottom: nuclel tested for CNA relative to the reference nuclei. Color bar: assigned cell type
signature for each nucleus.

[00118] FIG. 76A-76J - Protocol comparison for resection of ovarian cancer. (76A) Sample
processing and QC overview. For each protocol, shown are the number of nuclel passing QC, and
the number of sequencing reads and sequencing saturation across all nuclel. The remaining metrics
are reported for those nuclel passing QC: median number of reads per nucleus, median number of
UMIs per nucleus, median number of genes per nucleus, median fraction of UMIs mapping to
mitochondrial genes in each nucleus, and fraction of nucleus barcodes called as doublets. (76B)
Read mapping QCs. The percent of bases in the sequencing reads / axis) mapping to the genome,
transcriptome, and intergenic regions (x axis). (76C) Overal QCs. Distribution of the number of
reads per nucleus, number of UMIs per nucleus, number of genes per nucleus, and fraction of
UMIs mapping to mitochondrial genes in each nucleus (y axes) for al nuclei passing QC. (76D)
Relation of doubletsto cell types. UMAP embedding and fraction (horizontal bar) of single nucleus
(grey) and doublet (red) profiles for each protocol. (76E-76G) Cell type assignment. UMAP
embedding of single nucleus profiles from each protocol colored by assigned cell type signature.
(76H-76J) Inferred CNA profiles for nuclei. Chromosomal amplification (red) and deletion (blue)
inferred in each chromosomal position (columns) across the single nuclei (rows). Top: reference
nuclei not expected to contain CNA in this cancer type. Bottom: nuclel tested for CNA relative to
the reference nuclei. Color bar: assigned cell type signature for each nucleus.

[00119] FIG. 77A-77H - Protocol comparison for resection of sarcoma. (77A) Sample
processing and QC overview. For each protocol, shown are the number of nuclel passing QC, and
the number of sequencing reads and sequencing saturation across all nuclel. The remaining metrics
are reported for those nuclel passing QC: median number of reads per nucleus, median number of
UMIs per nucleus, median number of genes per nucleus, median fraction of UMIs mapping to
mitochondrial genes, and fraction of nucleus barcodes called as doublets. (77B) Read mapping
QCs. The percent of bases in the sequencing reads { axis) mapping to the genome, transcriptome,
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and intergenic regions (x axis). (77C) Overall QCs. Distribution of the number of reads per nucleus,
number of UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to
mitochondrial genes in each nucleus f axes) for all nuclei passing QC. (77D) Relation of doublets
to cell types. UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet
(red) profiles for each protocol. (77E-77F) Cell type assignment. UMAP embedding of single
nucleus profiles from each protocol colored by assigned cell type signature. (77G-77H) Inferred
CNA profiles for nuclei. Chromosomal amplification (red) and deletion (blue) inferred in each
chromosomal position (columns) across the single nuclei (rows). Top: reference nuclei not
expected to contain CNA in this cancer type. Bottom: nuclei tested for CNA relative to the
reference nuclei. Color bar: assigned cell type signature for each nucleus.

[00120] FIG. 78A-78F - Protocol for resection of glioma. (78A) Sample processing and QC
overview. Shown are the number of nuclei passing QC, and the number of sequencing reads and
sequencing saturation across al nuclei. The remaining metrics are reported for those nuclei passing
QC: median number of reads per nucleus, median number of UMIs per nucleus, median number
of genes per nucleus, median fraction of UMIs mapping to mitochondrial genes in each nucleus,
and fraction of nucleus barcodes called as doublets. (78B) Read mapping QCs. The percent of
bases in the sequencing reads (y axis) mapping to the genome, transcriptome, and intergenic
regions (x axis). (78C) Overall QCs. Distribution of the number of reads per nucleus, number of
UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to mitochondrial
genes in each nucleus § axes) for al nuclei passing QC. (78D) Relation of doublets to cell types.
UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet (red) profiles.
(78E) Cdll type assignment. UMAP embedding of single nucleus profiles colored by assigned cell
type signature. (78F) Inferred CNA profiles for nuclei. Chromosomal amplification (red) and
deletion (blue) inferred in each chromosomal position (columns) across the single nuclel (rows).
Top: reference nuclel not expected to contain CNA in this cancer type. Bottom: nuclel tested for
CNA relative to the reference nuclei. Color bar: assigned cell type signature for each nucleus.
[00121] FIG. 79A-79E - Protocol for O-PDX of neuroblastoma. (79A) Sample processing
and QC overview. Shown are the number of nuclel passing QC, and the number of sequencing
reads and sequencing saturation across all nuclei. The remaining metrics are reported for those
nuclei passing QC: median number of reads per nucleus, median number of UMIs per nucleus,
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median number of genes per nucleus, median fraction of UMIs mapping to mitochondrial genesin
each nucleus, and fraction of nucleus barcodes called as doublets. (79B) Read mapping QCs. The
percent of bases in the sequencing reads {/ axis) mapping to the genome, transcriptome, and
intergenic regions (x axis). (79C) Overal QCs. Distribution of the number of reads per nucleus,
number of UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to
mitochondrial genes in each nucleus (y axes) for al nuclei passing QC. (79D) Relation of doublets
to cell types. UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet
(red) profiles. (79E) Cell type assignment. UMAP embedding of single nucleus profiles colored
by assigned cell type signature.

[00122] FIG. 80A-80F - Protocol for resection of neuroblastoma. (80A) Sample processing
and QC overview. Shown are the number of nuclel passing QC, and the number of sequencing
reads and sequencing saturation across all nuclei. The remaining metrics are reported for those
nuclei passing QC: median number of reads per nucleus, median number of UMIs per nucleus,
median number of genes per nucleus, median fraction of UMIs mapping to mitochondrial genesin
each nucleus, and fraction of nucleus barcodes called as doublets. (80B) Read mapping QCs. The
percent of bases in the sequencing reads {/ axis) mapping to the genome, transcriptome, and
intergenic regions (x axis). (80C) Overal QCs. Distribution of the number of reads per nucleus,
number of UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to
mitochondrial genes in each nucleus f axes) for all nuclei passing QC. (80D) Relation of doublets
to cel types. UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet
(red) profiles for each protocol. (80E) Cell type assignment. UMAP embedding of single nucleus
profiles from each protocol colored by assigned cell type signature. (80F) Inferred CNA profiles
for nuclei. Chromosomal amplification (red) and deletion (blue) inferred in each chromosomal
position (columns) across the single nuclei (rows). Top: reference nuclei not expected to contain
CNA inthis cancer type. Bottom: nuclei tested for CNA relative to the reference nuclei. Color bar:
assigned cell type signature for each nucleus.

[00123] FIG. 81A-81F - Protocol for resection of sarcoma. (81A) Sample processing and QC
overview. Shown are the number of nuclel passing QC, the number of sequencing reads, and
sequencing saturation across al nuclei. The remaining metrics are reported for those nuclei passing
QC: median number of reads per nucleus, median number of UMIs per nucleus, median number
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of genes per nucleus, median fraction of UMIs mapping to mitochondrial genes in each nucleus,
and fraction of nucleus barcodes called as doublets. (81B) Read mapping QCs. The percent of
bases in the sequencing reads / axis) mapping to the genome, transcriptome, and intergenic
regions (x axis). (81C) Overall QCs. Distribution of the number of reads per nucleus, number of
UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to mitochondrial
genes in each nucleus (y axes) for al nuclel passing QC. (81D) Relation of doublets to cell types.
UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet (red) profiles.
(81E) Cdll type assignment. UMAP embedding of single nucleus profiles colored by assigned cell
type signature. (81F) Inferred CNA profiles for nuclei. Chromosomal amplification (red) and
deletion (blue) inferred in each chromosomal position (columns) across the single nuclel (rows).
Top: reference nuclel not expected to contain CNA in this cancer type. Bottom: nuclel tested for
CNA relative to the reference nuclei. Color bar: assigned cell type signature for each nucleus.

[00124] FIG. 82A-82F - Protocol for resection of melanoma. (82A) Sample processing and
QC overview. Shown are the number of nuclei passing QC, the number of sequencing reads, and
sequencing saturation across all nuclei. The remaining metrics are reported for those nuclei passing
QC: median number of reads per nucleus, median number of UMIs per nucleus, median number
of genes per nucleus, median fraction of UMIs mapping to mitochondrial genes in each nucleus,
and fraction of nucleus barcodes called as doublets. (82B) Read mapping QCs. The percent of
bases in the sequencing reads / axis) mapping to the genome, transcriptome, and intergenic
regions (x axis). (82C) Overall QCs. Distribution of the number of reads per nucleus, number of
UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to mitochondrial
genes in each nucleus y axes) for al nuclei passing QC. (82D) Relation of doublets to cell types.
UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet (red) profiles.
(82E) Cdll type assignment. UMAP embedding of single nucleus profiles colored by assigned cell
type signature. (82F) Inferred CNA profiles for nuclei. Chromosomal amplification (red) and
deletion (blue) inferred in each chromosomal position (columns) across the single nuclel (rows).
Top: reference nuclel not expected to contain CNA in this cancer type. Bottom: nuclel tested for
CNA relative to the reference nuclei. Color bar: assigned cell type signature for each nucleus.

[00125] FIG. 83A-83F - Protocol for resection of melanoma. (83A) Sample processing and
QC overview. Shown are the number of nuclei passing QC, the number of sequencing reads, and
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sequencing saturation across all nuclei. The remaining metrics are reported for those nuclei passing
QC: median number of reads per nucleus, median number of UMIs per nucleus, median number
of genes per nucleus, median fraction of UMIs mapping to mitochondrial genes in each nucleus,
and fraction of nucleus barcodes called as doublets. (83B) Read mapping QCs. The percent of
bases in the sequencing reads / axis) mapping to the genome, transcriptome, and intergenic
regions (x axis). (83C) Overall QCs. Distribution of the number of reads per nucleus, number of
UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to mitochondrial
genes in each nucleus (y axes) for al nuclel passing QC. (83D) Relation of doublets to cell types.
UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet (red) profiles.
(83E) Cdll type assignment. UMAP embedding of single nucleus profiles colored by assigned cell
type signature. (83F) Inferred CNA profiles for nuclei. Chromosomal amplification (red) and
deletion (blue) inferred in each chromosomal position (columns) across the single nuclel (rows).
Top: reference nuclel not expected to contain CNA in this cancer type. Bottom: nuclel tested for
CNA relative to the reference nuclei. Color bar: assigned cell type signature for each nucleus.

[00126] FIG. 84A-84F - Protocol for cryopreserved sample of CLL. (84A) Sample
processing and QC overview. Shown are the number of nuclel passing QC, the number of
sequencing reads, and sequencing saturation across al nuclei. The remaining metrics are reported
for those nuclel passing QC: median number of reads per nucleus, median number of UMIs per
nucleus, median number of genes per nucleus, median fraction of UMIs mapping to mitochondrial
genes in each nucleus, and fraction of nucleus barcodes called as doublets. (84B) Read mapping
QCs. The percent of bases in the sequencing reads { axis) mapping to the genome, transcriptome,
and intergenic regions (x axis). (84C) Overall QCs. Distribution of the number of reads per nucleus,
number of UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to
mitochondrial genes in each nucleus f axes) for all nuclei passing QC. (84D) Relation of doublets
to cel types. UMAP embedding and fraction (horizontal bar) of single nucleus (grey) and doublet
(red) profiles. (84E) Cell type assignment. UMAP embedding of single nucleus profiles colored
by assigned cell type signature. (84F) Inferred CNA profiles for nuclei. Chromosomal
amplification (red) and deletion (blue) inferred in each chromosomal position (columns) across

the single nuclei (rows). Top: reference nuclel not expected to contain CNA in this cancer type.
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Bottom: nuclel tested for CNA relative to the reference nuclei. Color bar: assigned cell type
signature for each nucleus.

[00127] FIG. 85A, 85B - Protocol comparison of V2 and V3 chemistry from 10x Genomics
on aresection of sarcoma. (85A) Sample processing and QC overview. For each protocol, shown
are the number of nuclei passing QC, after the total number of sequencing reads from the V3
protocol data was down-sampled to match the number of reads in the V2 data. The remaining
metrics are reported for those nuclel passing QC: median number of UMIs per nucleus, median
number of genes per nucleus, median fraction of UMIs mapping to mitochondrial genes in each
nucleus, and fraction of nucleus barcodes called as doublets. (85B) Overall QCs. Distribution of
number of UMIs per nucleus, number of genes per nucleus, and fraction of UMIs mapping to
mitochondrial genes in each nucleus (y axes) for al nuclei passing QC.

[00128] FIG. 86A-86C - Comparison of sScRNA-Seq and snRNA-Seq from a single blood
draw sample of CLL (CLL1). (86A-86C) UMAP embedding of single cell and single nucleus
profiles after batch correction by CCA (Methods) colored by either assigned cell type signature
(86A; fractions in horizontal bar), cluster assignment (86B) or data type (c, cells or nuclei;
horizontal bar: cluster assignment).

[00129] FIG. 87A-87C - Comparison of scRNA-Seq and snRNA-Seq from a single
metastatic breast cancer sample (HTAPP-963-SM P-4741). (87A-87C) UMAP embedding of
single cell and single nucleus profiles after batch correction by CCA (Methods) colored by either
assigned cell type signature (87A; fractions in horizontal bar), cluster assignment (87B) or data
type (87C, cells or nuclei; horizontal bar: cluster assignment).

[00130] FIG. 88A-88C - Comparison of scRNA-Seq and snRNA-Seq from a single
neuroblastoma sample (HTAPP-656-SM P-3481). (88A-88C) UMAP embedding of single cell
and single nucleus profiles after batch correction by CCA (Methods) colored by either assigned
cell type signature (88A; fractions in horizontal bar), cluster assignment (88B) or datatype (88C,
cells or nuclel; horizontal bar: cluster assignment).

[00131] FIG. 89A-89C - Comparison of scCRNA-Seq and snRNA-Seq from a single O-PDX
neuroblastoma sample. (89A-89C) UMAP embedding of single cell and single nucleus profiles
after batch correction by CCA (Methods) colored by either assigned cell type signature (89A;
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fractions in horizontal bar), cluster assignment (89B) or data type (89C, cells or nuclei; horizontal
bar: cluster assignment).

[00132] FIG. 90 - Validation of the SoxIO-Cre driver. Triple-transgenic mice harboring
SoxIO-Cre; INTACT; conditional tdTomato aleles were used to evauate concordance of
genetically labeled cells and TUBB3 immunofluorescence.

[00133] FIG. 91A-91C - High quality neuron and glia transcriptomes. Mean expression
levels (log2(TPIOK+l)) of hallmark genes (x axis) across cell subsets (y axis) for major cell classes
(91A), neuron subsets (91B), or glia subsets (91C). Cell subsets were profiled using either Smart-
Seqg2 (SS2) or droplet-based methods.

[00134] FIG. 92A-92F - Detection of Tph2 expression in the brain, but not colon. (92A)
Schematic of coronal brain section. Raphe nuclei contain serotonergic (Tph2+) neurons and served
asapositive control. The pontine reticular nucleus does not contain Tph2—expressing neurons and
served as anegative control. (92B, 92C) Representative images of smFISH for Tph2 in the mouse
brain (92B) and colon (92C) of SoxlO-Cre; INTACT (GFP) mice (n = 2 animas, 12 colon
sections). (92D, 92E) Representative images of smFISH for Tph2 in the mouse brain (92B) and
colon (92C) of wild-type C57BL/6J mice (n = 2 animals, 12 colon sections). (92F) Analysis of
bulk RNA-seq data from several tissues of C57BL/6 mice (Sollner et al. 2017). RNA expression
of Tphl and Tph2 from the brain, colon and small intestine. RNA expression independently
analyzed in three mice per tissue isindicated 1-3.

[00135] FIG. 93 - An overview of cloud-based analysis. The flow chart and table show that
the pipeline for cloud based analysis after data processing is efficient and quick - it alows one
analyze about amillion cells within 2 hours as compared to runs that take days. It isalso shareable
and reproducible.

[00136] FIGs. 94A-94B - Fresh tissue test case for non-small cell lung carcinoma
(NSCLC). (94A) Technica QCsfor three different cell dissociation protocols. While the QCs look
similar, each protocol results in a different proportion of cell types. (95B) Cell type diversity
achieved from each protocol. NSCLC samples from all three cell dissociation protocols are
embedded. Similar numbers of cells were recovered across protocols, but different cell type

proportions.
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[00137] FIG. 95- Cdll type-specific QCsfor three different dissociation protocols. The C4
protocol has the greatest number of genes detected per cell overall. The LE protocol has the
greatest number of genes detected per cell in epithelial cells. The PDEC protocol has the greatest
number of genes detected per cell in B célls.
[00138] FIG. 96- The fresh tumor toolbox was used successfully across six tumor types.
Five types of fresh tumors were processed: non-small cell lung carcinoma (NSCLC), metastatic
breast cancer (MBC), ovarian cancer, glioblastoma (GBM), and neuroblastoma, as well as a
cryopreserved non-solid, chronic lymphocytic leukemia (CLL).
[00139] FIG. 97- QC assessment across all cellsin a sample and per cell type for tumors
processed in Figure 96. QCs and cell proportions were measured for all of them. A recommended
protocol was chosen for each tumor type.
[00140] FIG. 98- Workflow of single nucleus RNA-seq from frozen tissue.
[00141] FIG. 99- snRNA-seq toolbox for processing frozen tissue. The best approach was
testing four different nucleus isolation buffers, three of which were very similar to each other apart
from the detergent and the original buffer EZ.
[00142] FIG. 100- Thefrozen tumor toolbox was used successfully across 7 tumor types.
[00143] FIG. 101 - snRNA -seq of pre-malignant breast ductal carcinoma in situ (DCIYS).
Analysis revealed pretty good QCs and Applicants were ableto detect several cell types - including
two clusters of epithelial cells, immune cells, endothelial cells, and fibroblasts.
[00144] FIG. 102 - Detection of specific breast cancer markers.
[00145] FIG. 103 - Optimization strategy for snRNA-seq of FFPE samples.
[00146] FIG. 104 - Workflow for snRNA-seq of FFPE samples.
[00147] FIG. 105 - Single-nucleus RNA-seq was tested on FFPE samples. Shown are
(105A) human lung cancer and (105B) mouse brain tissue in FFPE block. The samples were
prepared fresh and processed quickly.
[00148] FIG. 106 - Summary of optimization steps for processing FFPE tissue. Two
different library construction (LC) methods were used: SCRB-Seq and Smart-seg2.
[00149] FIG. 107 - Optimization of methods for WTA and library construction (LC).
[00150] FIG. 108A-108B - QCsfor SMART-Seq2 and SCRB-Seq. In 108B, Applicants used
mineral oil for analysis of number of genes only.
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[00151] FIG. 109 - Correlation across treatment, library prep and number of nuclei. As
expected, the correlation goes down with the numbers of nuclei tested - since mouse cortex is a
complex tissue with many cell types. Correlation across preps 100>10>1.

[00152] FIG. 110 - Profiling nuclel from mouse brain FFPE reveals expression of cortex
genes. There were 65 single nuclei in total. No clear clusters were detected after accounting for
batch/library type. Differential expression of known mouse cortex cell type markers was detected.
[00153] FIGs. 111A-111B - Nucle profiled from mouse brain FFPE are predicted to map
to mouse cortex cell types. The prediction accuracy was 0.69.

[00154] The figures herein are for illustrative purposes only and are not necessarily drawn to

scale.

DETAILED DESCRIPTION OF THE EXAMPLE EMBODIMENTS
General Definitions
[00155]  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, 2 edition (1989) (Sambrook, Fritsch, and Maniatis);
Molecular Cloning: A Laboratory Manual, 4t 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.): PCR2: 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 Laboratory Manual, 2nd edition 2013 (E.A. Greenfield ed.); Anima Cell Culture
(1987) (R.I. Freshney, ed.); Benjamin Lewin, Genes IX, published by Jones and Bartlet, 2008
(ISBN 0763752223); Kendrew et al. (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 e/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) .
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[00156] Asused herein, the singular forms “a’, “an”, and “the” include both singular and plural
referents unless the context clearly dictates otherwise.
[00157] 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.
[00158] The recitation of numerical ranges by endpoints includes all numbers and fractions
subsumed within the respective ranges, aswell asthe recited endpoints.
[00159] The terms “about” or “approximately” asused herein when referring to a measurable
value such as a parameter, an amount, atempora 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
appropriate to perform in the disclosed invention. It isto beunderstood that the value to which the
modifier “about” or “approximately” refers isitself also specifically, and preferably, disclosed.
[00160] 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 gjaculate, gastric acid,
gastric juice, lymph, mucus (including nasal drainage and phlegm), pericardial fluid, peritoneal
fluid, pleura fluid, pus, rheum, saliva, sebum (skin oil), semen, sputum, synovia fluid, sweat,
tears, urine, vaginal 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 amammal organism, for example by puncture, or other collecting or sampling procedures.
[00161] 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 abiological entity obtained invivo or cultured in vitro are also encompassed.
[00162] Various embodiments are described hereinafter. It should be noted that the specific
embodiments are not intended as an exhaustive description or asalimitation to the broader aspects
discussed herein. One aspect described in conjunction with a particular embodiment is not
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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 tothe
same embodiment, but may. Furthermore, the particular features, structures or characteristics may
be combined in any suitable manner, aswould be apparent to a person 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 claimed embodiments can be used in any combination.
[00163] Reference ismadeto U Sprovisional application 62/734,988, filed September 21, 2018
and PCT/US20 18/060860, filed November 13, 2018.
[00164]  All publications, published patent documents, and patent applications cited herein are
hereby incorporated by reference to the same extent as though each individua publication,
published patent document, or patent application was specifically and individually indicated as
being incorporated by reference.
OVERVIEW
[00165] Embodiments disclosed herein provide for methods of analyzing single cells from
archived tissue samples or tissue samples that cannot be immediately processed (e.g., FFPE or
frozen tissue). Embodiments disclosed herein also provide for methods of anayzing rare or
difficult to isolate cells (e.g., neurons). Tissue processing directly for single cell or single nuclei
genomics advantageously provides for the ability to analyze archival samples, longitudinal
samples, samplesthat are shipped worldwide, samplesfrom rare diseases, and/or samplesthat have
well documented pathology.
[00166] It is an objective of the present invention to use single cell methods on FFPE tissue
samples. Single nuclei or whole cells can beisolated from FFPE tissue samplesfor use in analyzing
single cells in archived samples or samples that cannot be immediately processed. In certain
embodiments, pre-malignant lesions or tissues from cancer patients are analyzed. In certain
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embodiments, the methods can be used to generate an atlas of pre-cancer and cancer tissues. Most
tissues are small and preserved as FFPE and present many challenges. FFPE may damage the cell
and nuclear membranes, damages the RNA and cross-links nucleotides and the FFPE protocol
varies (e.g. fixation time, storage). Applicants have previously performed single nucleus RNA-seq
from frozen tissue. Applicants provide methods of isolating whole cells and nuclel from FFPE
tissues that can be used in single cell methods.

[00167] It isan objective of the present invention to use single cell methods on nuclel isolated
from tissue samples containing rare or difficult to isolate cells. Embodiments disclosed herein
provide for methods of isolating nuclei, including ribosomes or ribosomes and rough ER, from
tissue samples for use in analyzing single cells, preferably, in frozen samples or samples that
cannot be immediately processed. As the largest branch of the autonomic nervous system, the
enteric nervous system (ENS) controls the entire gastrointestinal (Gl) tract tract, but remains
incompletely characterized. However, its sparsity and location within the structurally resilient Gl
wall has precluded the application of modern single cell genomics approaches. Here, Applicants
developed RAISIN RNA-seq, which enables the capture of ribosome bound mRNA aong with
intact single nuclei, and use it to profile the adult mouse and human colon to generate areference
map of the ENS at a single cell level, profiling 2,447 mouse and 831 human enteric neurons This
map reveals an extraordinary diversity of neuron subtypes acrossintestinal locations, ages, and the
circadian rhythm, with conserved transcriptional programs between human and mouse. The
methods provided for novel insight into ENS function that was not possible using previous
methods. Applicants further highlight possible revisions to the current model of peristalsis and
molecular mechanisms that may allow enteric neurons to orchestrate tissue homeostasis, including
immune regulation and stem cell maintenance. Lastly, Applicants show that human enteric neurons
specifically express risk genes for neuropathic, inflammatory, and extra-intestinal diseases with
concomitant gut dysmotility.

[00168] It is another objective of the present invention to use novel therapeutic targets,
diagnostic targets and methods of screening for modulating agents based on the characterization
of the ENS described further herein. The study described herein provides a roadmap to
understanding the ENS in health and disease. The GWAS disease risk genes are now shown to be
expressed in neurons. Therefore, diseases can be treated by targeting the neurons specifically.
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Specific therapeutic targets include markers for each neuron, transcriptional core programs, or
neurotransmitter and receptor pairs. The neurons are also shown to affect immune cells. Therefore,
the diseases originally not connected to immunity can be treated with anti-immune therapy (e.g.,
targeting 1L-7, IL-12, IL-15).

[00169] It is another objective of the present method to provide nuclei specific methods of
analysis for single nuclei sequencing. Applicants show improved recovery of genes and cells by

counting both exons and introns and using nuclei specific filtering and batch correction.

METHODS OF RECOVERING NUCLEI OR WHOLE CELLS FROM FFPE TISSUE
[00170]  In certain embodiments the invention provides methods for recovering nuclel or whole
cells from aformalin-fixed paraffin-embedded (FFPE) tissue comprising dissolving paraffin from
aFFPE tissue sample in asolvent, preferably asolvent selected from the group consisting of xylene
and mineral oil. The tissue may be dissolved a atemperature between 4C to 90C, preferably room
temperature (20 to 25C) for recovering whole cells and 90C for recovering nuclei. The tissue may
be rehydrated using agradient of ethanol from 100% to 0% ethanol (EtOH). The rehydrated tissue
may be transferred to avolume of afirst buffer comprising abuffering agent, a detergent and an
ionic strength between 100mM and 200mM. Optionaly the first buffer comprises protease
inhibitors or proteases and/or BSA. The tissue may then be chopped or dounce homogenized in
the buffer and the debris may be removed by filtering and/or FACS sorting.

Tissue Samples
[00171] The tissue sample for use with the present invention may be obtained from the brain.
The tissue sample may be obtained from the gut. In certain embodiments, brain and gut cells are
difficult to analyze by single cell RNA sequencing due to cell morphology. In certain
embodiments, single nuclel sequencing can overcome difficulty in analyzing rare cells in the gut
and brain due to cell morphology. In certain embodiments, the present invention provides for
genetic targeting of rare cells in a complex tissue.
[00172] In certain embodiments, the tissue sample may be obtained from the heart, lung,
prostate, skeletal muscle, esophagus, skin, breast, prostate, pancreas, or colon.
[00173] In certain embodiments, the tissue sample is obtained from a subject suffering from a
disease. Since samples may be frozen and analyzed by single nuclel sequencing, samples from
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many diseased patients may be analyzed a once. The samples do not need to be anayzed
immediately after removal from a subject. Diseased samples may be compared to healthy samples
and differentially genes may be detected. In certain embodiments, the disease is autism spectrum
disorder. Other diseases may include, but are not limited to, cancer (e.g., brain cancer) and irritable
bowel disease (IBD). In certain embodiments, the disease can be any disease described herein (see,
e.g., Examples).

[00174]  Previous methods (e.g., including commercial methods) for isolating nuclei contain
lysis buffers incapable of preserving aportion of the outer nuclear envelope and ribosomes, outer
nuclear envelope, rough endoplasmic reticulum (RER) with ribosomes, or outer nuclear envelope,
RER, and mitochondria. Before the present invention it was not appreciated that gene expression
of single cells may be improved by isolating nuclel that include a portion of the outer nuclear
envelope, and/or attached ribosomes, and/or rough endoplasmic reticulum (RER). In certain
embodiments, the ribosomes and/or RER is a site of RNA trandation and includes fully spliced
MRNA. Preserving a portion of the RER improves RNA recovery and single cell expression
profiling.

[00175] In certain embodiments, single nuclei comprising ribosomes and/or RER are isolated
using lysis buffers comprising detergent and salt. In certain embodiments, the ionic strength of the
buffer isbetween 100 and 200mM. Asused herein the term “ionic strength” of a solution refers to

the measure of electrolyte concentration and iscalculated by:

1
H= 52 ¢z}

where cisthe molarity of aparticular ion and z isthe charge on the ion.

[00176] In certain embodiments, the ionic strength of the lysis solution can be obtained with
salts, such as, but not limited toNaCl, KC1, and (NH4)2S04. For example, the buffer can comprise
100-200 mM NaCl or KC1 (i.e, ionic strength 100-200 mM). In one embodiment, the salt
comprises NaCl and the concentration is [46mM.

[00177]  In certain embodiments, the buffer comprises CaCl2. The CaCl2 may be about ImM.
In certain embodiments, the buffer comprises MgCl2. The MgCI2 may be about 2ImM.

[00178] In certain embodiments, the buffer comprises a detergent concentration that preserves

a portion of the outer nuclear envelope and/or ribosomes, and/or rough endoplasmic reticulum
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(RER). The detergent may be an ionic, zwitterionic or nonionic detergent. The detergent
concentration may be a concentration that is sufficient to lyse cells, but not strong enough to fully
dissociate the outer nuclear membrane and RER or detach ribosomes. In certain embodiments, the
detergent is selected from the group consisting of NP40, CHAPS and Tween-29. Detergent
concentrations may be selected based on the critical micelle concentration (CMC) for each
detergent (Table 1). The concentration may be varied above and below the CMC. In certain
embodiments, the detergent concentration in the lysis buffer of the present invention comprises
about 0.2% NP40, about 0.49% CHAPS, or about 0.03% Tween-20. The critical micelle
concentration (CMC) isdefined asthe concentration of surfactants above which micelles form and
al additional surfactants added to the system goto micelles. Before reaching the CMC, the surface
tension changes strongly with the concentration of the surfactant. After reaching the CMC, the
surface tension remains relatively constant or changes with alower slope.

[00179] The isolated nuclei comprising a preserved portion of the outer membrane and RER
and/or ribosomes may be further analyzed by single nuclel sequencing, droplet single nuclel
sequencing or Div-seq as described in international application number PCT/US2016/059239
published as WO/2017/164936. In certain embodiments, single nuclei are sorted into separate
wells of aplate. In certain embodiments, single nuclei are sorted into individual droplets. The
droplets may contain beads for barcoding the nucleic acids present in the single nuclei. The plates
may include barcodes in each well. Thus, barcodes specific to the nuclei (i.e., cell) of origin may

be used to determine gene expression in single cells.

Table1.
MW (Da) cMC gram per 1ImL % w/v CMC
Nonidet P-
40/1GEPAL (.08 mb{sigma;

CA-630 ~603 0.05-0.3 mM {anatrace) 0.00048 0.048%
Tween-20 1228 {.048 mM 0.00006 0.006%
Digitonin 70000 <{.5 mM 0.035 3.5%

CHAPS 614.9 8to 10 mM 0.00492 0.49%
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[00180] Exemplary nuclei purification protocols may be used with alysis buffer of the present

invention (Table 2).

Table 2.
.. Buffer Detergen.t . Additives and
Composition  Buffer . Detergent concentration Salt and concentration .
concentration (%) concentration
(1)
. 146 mM NaCl, ImM
1 Tris 10 mM NP40 0.2 Cacl2, 21mM Mgcl2
. 146 mM NaCl, ImM
2 Tris 10 mM CHAPS 0.49 CaCl2, 21mM MgCl2
. 146 mM NaCl, ImM
3 Tris 10 mM Tween-20 0.03 CaCl2, 21mM MgCl2
0.15 mM
. 146 mM NaCl, ImM spermine and
4 Tricine 20 mM NP40 0.2 CaCl2, 21mM MgCl2 0.5 mM
spermidine

[00181] One of skill inthe art will recognize that methods and systems of the invention are not

limited to any particular type of sample or tissue type, and methods and systems of the invention
may be used with any type of organic, inorganic, or biologica molecule (see, eg, US Patent
Publication No. 20120122714). In particular embodiments the sample may include nucleic acid
target molecules. Nucleic acid molecules may be synthetic or derived from naturally occurring
sources. In one embodiment, nucleic acid molecules may be isolated from a biological sample
containing avariety of other components, such as proteins, lipids and non-template nucleic acids.
Nucleic acid target molecules may be obtained from any cellular material, obtained from an
animal, plant, bacterium, fungus, or any other cellular organism. In certain embodiments, the
nucleic acid target molecules may be obtained from a single cell. Biological samples for use inthe
present invention may include vira particles or preparations. Nucleic acid target molecules may
be obtained directly from an organism or from a biologica sample obtained from an organism,
e.g., from blood, urine, cerebrospina fluid, semina fluid, saliva, sputum, stool and tissue. Any
tissue or body fluid specimen may be used as a source for nucleic acid for use in the invention.
Nucleic acid target molecules may also be isolated from cultured cells, such as a primary cell
culture or a cell line. The cells or tissues from which target nucleic acids are obtained may be

infected with avirus or other intracellular pathogen. A sample may aso be total RNA extracted
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from a biological specimen, a cDNA library, viral, or genomic DNA. Tissues may be freshly
dissected, frozen tissue, or fixed tissue. In specific embodiments, the tissues are frozen in clear
tubes.
[00182] Nucleic acid obtained from biological samples typically may befragmented to produce
suitable fragments for analysis. Target nucleic acids may be fragmented or sheared to desired
length, using avariety of mechanical, chemical and/or enzymatic methods. DNA may berandomly
sheared via sonication, e.g. Covaris method, brief exposure to aDNase, or using amixture of one
or more restriction enzymes, or atransposase or nicking enzyme. RNA may befragmented by brief
exposure to an RNase, heat plus magnesium, or by shearing. The RNA may be converted to cDNA.
If fragmentation isemployed, the RNA may be converted to cDNA before or after fragmentation.
In one embodiment, nucleic acid from abiological sample isfragmented by sonication. In another
embodiment, nucleic acid isfragmented by ahydroshear instrument. Generaly, individua nucleic
acid target molecules may be from about 40 bases to about 40 kb. Nucleic acid molecules may be
single-stranded, double-stranded, or double-stranded with single-stranded regions (for example,
stem- and |oop-structures).
[00183] A biological sample as described herein may be homogenized or fractionated in the
presence of adetergent or surfactant. The concentration of the detergent in the buffer may be about
0.05% to about 10.0%. The concentration of the detergent may be up to an amount where the
detergent remains soluble in the solution. In one embodiment, the concentration of the detergent
is between 0.1% to about 2%. The detergent, particularly amild one that is nondenaturing, may
act to solubilize the sample. Detergents may beionic or nonionic. Examples of nonionic detergents
include triton, such asthe Triton™ X series (Triton™ X-100 t-Oct-C6H4—(OCH2—CH2)xOH,
x=9-10, Triton™ X-100R, Triton™ X-114 x=7-8), octyl glucoside, polyoxyethylene(9)dodecyl
ether, digitonin, IGEPAL™ CAG630 octylphenyl polyethylene glycol, n-octyl-beta-D-
glucopyranoside (betaOG), n-dodecyl-beta, Tween™. 20 polyethylene glycol sorbitan
monolaurate, Tween™ 80 polyethylene glycol sorbitan monooleate, polidocanol, n-dodecyl beta-
D-maltoside (DDM), NEMO nonylphenyl polyethylene glycol, C12E8 (octaethylene glycol n-
dodecyl monoether), hexaethyleneglycol ~mono-n-tetradecyl ether (C14E06), octyl-beta
thioglucopyranoside (octyl thioglucoside, OTG), Emulgen, and polyoxyethylene 10 lauryl ether
(C12E10). Examples of ionic detergents (anionic or cationic) include deoxycholate, sodium
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dodecyl sulfate (SDS), N-lauroylsarcosine, and cetyltrimethylammoniumbromide (CTAB). A
zwitterionic reagent may also be used inthe purification schemes of the present invention, such as
Chaps, zwitterion 3-14, and 3-[(3-cholamidopropyl)dimethylammonio]-I-propanesulf-onate.  Itis
contemplated also that urea may be added with or without another detergent or surfactant.

[00184] In some embodiments, the paraffin from aFFPE tissue sample may be dissolved in any
suitable solvent known inthe art. Such solvents include, but are not necessarily limited to, xylene,
toluene, mineral oil, and vegetable oil. In specific embodiments, the solvent isxylene. In specific
embodiments, the solvent isminera oil.

[00185] In some embodiments, the tissue may be dissolved a atemperature ranging from 4°C
to 90°C, such as a 4°C, 5°C, 6°C, 7°C, 8°C, 9°C, 10°C, |I°C, 12°C, 13°C, 14°C, 15°C, 16°C,
[7°C, 18°C, 19°C, 20°C, 2I°C, 22°C, 23°C, 24°C, 25°C, 26°C, 27°C, 28°C, 29°C, 30°C, 3I°C,
32°C, 33°C, 34°C, 35°C, 36°C, 37°C, 38°C, 39°C, 40°C, 4I°C, 42°C, 43°C, 44°C, 45°C, 46°C,
47°C, 48°C, 49°C, 50°C, 5I°C, 52°C, 53°C, 54°C, 55°C, 56°C, 57°C, 58°C, 59°C, 60°C, 6I°C,
62°C, 63°C, 64°C, 65°C, 66°C, 67°C, 68°C, 69°C, 70°C, 7I°C, 72°C, 73°C, 74°C, 75°C, 76°C,
77°C, 78°C, 79°C, 80°C, 8I°C, 82°C, 83°C, 84°C, 85°C, 86°C, 87°C, 88°C, 89°C, or 90°C.
[00186] In specific embodiments, the tissue may be dissolved a room temperature for the
purpose of recovering whole cells, such as a atemperature ranging between 20°C and 25°C.
[00187] In specific embodiments, the tissue may be dissolved a 90°C for the purpose of
recovering nuclei.

[00188] In specific embodiments, dissolving paraffin from a FFPE tissue sample comprises
incubating & least one time in xylene, a room temperature (RT), for about 10 minutes each,
wherein xylene isremoved a each change.

[00189] In specific embodiments, the tissue may be washed at least two times with xylene for
about 10 min each. The washes may be performed a room temperature (RT), 90C, or at least one
time a room temperature (RT) and at least one time a 90C, wherein xylene isremoved a each
change.

[00190] In specific embodiments, dissolving paraffin from a FFPE tissue sample comprises

incubating at least twice in about 5 ml xylene per 30-100 mg FFPE tissue sample, a room
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temperature, for about 10 minutes each, wherein xylene isremoved a each change. As such, the
tissue may bewashed with xylene a 37C for about 10 min.

[00191] The method may further comprise cutting the tissue into two or more pieces and
washing at least one piece of the tissue with xylene at 37C for about 10 min.

[00192] In some embodiments, dissolving paraffin from a FFPE tissue sample comprises
incubating the sample at least three times in xylene, & room temperature, for about 10 minutes
each, and wherein xylene isremoved a each change.

[00193]  The method may further comprise washing the tissue three additional times with xylene
for about 10 min each, wherein the first wash is a room temperature and the second and third
washes are a 90C, and wherein xylene isremoved a each change.

[00194] In some embodiments, after the step of dissolving paraffin from the tissue or
rehydrating the tissue the method further comprises dividing the tissue, preferably in half.

[00195] Thetissue may berehydrated using a step gradient of ethanol in concentrations ranging
from 100°C to 0°C ethanol (EtOH). The tissue may be incubated between 1to 10 minutes at each
step. For example, the step gradient may comprise incubating the tissue for about two minutes
each in successive washes of 95% ethanol, 75% ethanol, and 50% ethanol, or any other suitable
method known in the art. In some embodiments, after the tissue is rehydrated, the method may
further comprise placing the tissue samples on ice or on a device capable of maintaining the tissue
between 4 and 10C, wherein al subsequent steps are performed at atemperature between 4 and
10C.

[00196] Rehydrated tissue may be transferred to a volume of a first buffer comprising a
buffering agent, a detergent and an ionic strength between IOOmM and 200mM. Optionally the
first buffer comprises protease inhibitors or proteases and/or BSA.

[00197] In some embodiments, the first buffer comprises a detergent selected from the group
consisting of NP40, CHAPS and Tween-20. In some embodiments, the NP40 concentration may
be about 0.2%. In some embodiments, the Tween-20 concentration may be about 0.03%. In some
embodiments, the CHAPS concentration may be about 0.49%. In some embodiments, the first
buffer may be selected from the group consisting of CST, TST, NST and NSTnPo.

[00198] The tissue may be chopped or dounce homogenized in the buffer. Non-limiting

examples of chopping include cutting with scissors, chopping with a scalpel or any blade known
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in the art. Chopping may be manual. Chopping may use any device known in the art capable of
chopping. Any method for dounce homogenizing known in the art may be used. An exemplary
method for dounce homogenization is described in the examples.
[00199] In some embodiments, after the step of chopping or dounce homogenizing the method
may further comprise centrifuging. Preferably, the sample is centrifuged at about 500g for about
5 min, and the sample isthen resuspended in a second buffer comprising abuffering agent and an
ionic strength between 100mM and 200mM. Optionally the second buffer comprises protease
inhibitors. In some embodiments, the second buffer is ST, optionally comprising protease
inhibitors.
[00200] Debris may be removed by methods including, but not necessarily limited to, filtering
and/or FACS sorting. In some embodiments, the sample isfiltered through a40 uM filter. In some
embodiments, the sampleisfiltered through a30uM filter. In some embodiments, the method may
further comprise washing the filtered sample in the first buffer.
[00201] In some embodiments, after the step of chopping or dounce homogenizing the method
may further comprise adding an additional 2 volumes of the first buffer (3 volumes total) and
filtering the sample through a40 uM filter.
[00202] In some embodiments, the method may further comprise adding an additional three
volumes of the first buffer (6 volumes total). The sampleisthen centrifuged. Preferably, the sample
iscentrifuged at about 500g for about 5min, and the sample isthen resuspended in a second buffer
comprising abuffering agent and an ionic strength between |OOmM and 200mM. Optionally, the
second buffer comprises protease inhibitors. In some embodiments, the second buffer is ST,
optionally comprising protease inhibitors.
[00203] In some embodiments, the method may further comprise isolating nuclei or cell types
by FACS sorting.
[00204]  In some embodiments, the method may further comprise reversing cross-linking in the
tissue sample before or during any step of the method. In some embodiments, reversing cross-
linking may comprise proteinase digestion. In some embodiments, the proteinase is proteinase K
or a cold-active protease.
[00205]  In some embodiments, the method may further comprise adding areagent that stabilizes
RNA to the tissue sample before or during any step of the method.
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[00206] In some embodiments, the method may further comprise lysing recovered cells or
nuclei and performing reverse transcription, as described in more detail further below.

[00207]  In specific embodiments, the reverse transcription is performed in individual reaction
vessels.

[00208] The individua reaction vessel may be an individual discrete volume. An “individual
discrete volume” is a discrete volume or discrete space, such as a container, receptacle, or other
defined volume or space that can be defined by properties that prevent and/or inhibit migration of
nucleic acids and reagents necessary to carry out the methods disclosed herein, for example a
volume or space defined by physical properties such aswalls, for example the walls of awell, tube,
or a surface of a droplet, which may be impermeable or semipermeable, or as defined by other
means such as chemical, diffusion rate limited, electro-magnetic, or light illumination, or any
combination thereof. By “diffusion rate limited” (for example diffusion defined volumes) ismeant
spaces that are only accessible to certain molecules or reactions because diffusion constraints
effectively defining a space or volume aswould bethe case for two parallel laminar streams where
diffusion will limit the migration of atarget molecule from one stream to the other. By “chemical”
defined volume or space ismeant spaces where only certain target molecules can exist because of
their chemical or molecular properties, such as size, where for example gel beads may exclude
certain species from entering the beads but not others, such as by surface charge, matrix size or
other physical property of the bead that can alow selection of species that may enter the interior
of the bead. By “electro-magnetically” defined volume or spaceismeant spaceswhere the electro-
magnetic properties of the target molecules or their supports such as charge or magnetic properties
can be used to define certain regions in a space such as capturing magnetic particles within a
magnetic field or directly on magnets. By “optically” defined volume ismeant any region of space
that may be defined by illuminating it with visible, ultraviolet, infrared, or other wavelengths of
light such that only target molecules within the defined space or volume may be labeled. One
advantage to the used of non-walled, or semipermeable isthat some reagents, such as buffers,
chemical activators, or other agents maybe passed in our through the discrete volume, while other
material, such astarget molecules, maybe maintained in the discrete volume or space. Typically,
adiscrete volume will include afluid medium, (for example, an agueous solution, an ail, abuffer,
and/or amedia capable of supporting cell growth) suitable for labeling of the target molecule with
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the indexable nucleic acid identifier under conditions that permit labeling. Exemplary discrete
volumes or spaces useful in the disclosed methods include droplets (for example, microfluidic
droplets and/or emulsion droplets), hydrogel beads or other polymer structures (for example poly-
ethylene glycol di-acrylate beads or agarose beads), tissue dides (for example, fixed formalin
paraffin embedded tissue dlides with particular regions, volumes, or spaces defined by chemical,
optical, or physical means), microscope dlides with regions defined by depositing reagents in
ordered arrays or random patterns, tubes (such as, centrifuge tubes, microcentrifuge tubes, test
tubes, cuvettes, conical tubes, and the like), bottles (such as glass bottles, plastic bottles, ceramic
bottles, Erlenmeyer flasks, scintillation vials and the like), wells (such aswells in aplate), plates,
pipettes, or pipette tips among others. In certain example embodiments, the individual discrete
volumes are the wells of a microplate. In certain example embodiments, the microplate is a 96
well, a 384 well, or a 1536 well microplate.
[00209] In specific embodiments, the individual reaction vessels may be wells, chambers, or
droplets.

Single cell and single nuclei sequencing
[00210]  In some embodiments, the method may further comprise performing single cell, single
nucleus or bulk RNA-seq, DNA-seq, ATAC-seqg, or ChIP on the recovered nuclei or whole cells.
[00211] In certain embodiments, the single nuclei and cells according to the present invention
are used to generate a single nuclel or single cell sequencing library. The sequencing library may
be generated according to any methods known in the art. Non-limiting examples are provided
herein.
[00212] In certain embodiments, the invention involves single cell RNA sequencing (see, e.g.,
Kalisky, T., Blainey, P. & Quake, S.R.Genomic Analysis a the Single-Cell Level. Annual review
of genetics 45, 431-445, (201 1); Kalisky, T.& Quake, S.R. Single-cell genomics. Nature Methods
8, 311-314 (201 1); Islam, s. et a. Characterization of the single-cell transcriptional landscape by
highly multiplex RNA-seg. Genome Research, (201 1); Tang, F. et d. RNA-Seq analysis to capture
the transcriptome landscape of a single cell. Nature Protocols 5, 516-535, (2010); Tang, F. € al.
MRNA-Seq whole-transcriptome analysis of a single cell. Nature Methods 6, 377-382, (2009);
Ramskold, D. e a. Full-length mRNA-Seq from single-cell levels of RNA and individual
circulating tumor cells. Nature Biotechnology 30, 777-782, (2012); and Hashimshony, T., Wagner,
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F., Sher, N. & Yanai, |. CEL-Seq: Single-Cell RNA-Seq by Multiplexed Linear Amplification.
Cell Reports, Cell Reports, Volume 2, Issue 3, p666-673, 2012).
[00213] In certain embodiments, the invention involves plate based single cell RNA sequencing
(see, eg., Picdli, S.etal., 2014, “Full-length RNA-seq from single cells using Smart-seq2” Nature
protocols 9, 171-181, doi:10.1038/nprot.2014.006).
[00214]  In certain embodiments, the invention involves high-throughput single-cell RNA-seq.
In this regard reference is made to Macosko et a., 2015, “Highly Parallel Genome-wide
Expression Profiling of Individual Cells ETsing Nanoliter Droplets’ Cell 161, 1202-1214,
International patent application number PCT/US20 15/049 178, published asW02016/040476 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 asW02016168584A1 on October 20, 2016; Zheng, et a., 2016,
“Haplotyping germline and cancer genomes with high-throughput linked-read sequencing” Nature
Biotechnology 34, 303-31 1; Zheng, et al., 2017, “Massively paralel digita transcriptional
profiling of single cells’ Nat. Commun. 8, 14049 doi: 10.1038/ncommsl4049;  International patent
publication number WO2014210353A2; Zilionis, et a., 2017, “Single-cell barcoding and
sequencing using droplet microfluidics’ Nat Protoc. Jan;12(1):44-73; Cao et a., 2017,
“Comprehensive single cell transcriptional profiling of amulticellular organism by combinatorial
indexing” bioRxiv preprint first posted online Feb. 2, 2017, doi: dx.doi.org/I0.HOI/I04844;
Rosenberg et a., 2017, “Scaling single cell transcriptomics through split pool barcoding” bioRxiv
preprint first posted online Feb. 2, 2017, doi: dx.doi.org/I0.HOI/I05163; Vitak, et al.,
“Seguencing thousands of single-cell genomes with combinatorial indexing” Nature Methods,
[4(3):302-308, 2017; Cao, et al., Comprehensive single-cell transcriptional profiling of a
multicellular organism. Science, 357(6352):661-667, 2017, and Gierahn et a., “Seq-Wdll:
portable, low-cost RNA sequencing of single cells at high throughput” Nature Methods 14, 395-
398 (2017), dl the contents and disclosure of each of which are herein incorporated by reference
in their entirety.
[00215] In certain embodiments, the invention involves single nucleus RNA sequencing. Inthis
regard reference is made 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; Habib et a.,
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2016, “Div-Seq: Single-nucleus RNA-Seq reveals dynamics of rare adult newborn neurons’
Science, Vol. 353, Issue 6302, pp. 925-928; Habib et al., 2017, “Massively parallel single-nucleus
RNA-seq with DroNc-seq” Nat Methods. 2017 Oct;l4(10):955-958; and International patent
application number PCT/US2016/059239, published as W02017164936 on September 28, 2017,
which are herein incorporated by reference in their entirety.

[00216] In certain embodiments, the invention involves the Assay for Transposase Accessible
Chromatin using sequencing (ATAC-seq) as described (see, e.g., Buenrostro, et a., Transposition
of native chromatin for fast and sensitive epigenomic profiling of open chromatin, DNA-binding
proteins and nucleosome position. Nature methods 2013; 10 (12): 1213-1218; Buenrostro et a.,
Single-cell chromatin accessibility reveals principles of regulatory variation. Nature 523, 486-490
(2015); Cusanovich, D. A., Daza, R., Adey, A., Pliner, H., Christiansen, L., Gunderson, K. L.,
Steemers, F. J., Trapnell, C. & Shendure, J. Multiplex single-cell profiling of chromatin
accessibility by combinatorial cellular indexing. Science. 2015 May 22;348(6237):910-4. doi:
[0.H26/science.aabl60l.  Epub 2015 May 7; US20160208323A1; US20160060691A1; and
WQ02017156336A1).

[00217]  In certain embodiments, single cell expression profiling comprises single nucleus RNA
sequencing. Single nucleus RNA sequencing advantageously provides for expression profiling of
rare or hard to isolate cells. Additionally, single nucleus RNA sequencing may be used on fixed
or frozen tissues. The ability of single nucleus sequencing to be performed on frozen tissues allows
for the analysis of archived samples isolated from diseased tissues. RNA recovery from previous
single nuclei sequencing methods is robust enough for measuring single cell gene expression,
however, increased RNA recovery can alow increase gene reads per single cell. Applicants have
unexpectedly determined that single nuclei comprising a portion of the rough endoplasmic
reticulum (RER) can beisolated and the resulting nuclei provides for improved RNA recovery and
single cell expression profiling. 1n 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 nuclel with partially intact outer membrane and partialy intact RER
with ribosomes. In some embodiments, the methods alow for isolation of single nuclel with

partially intact outer membrane, RER and mitochondria.
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[00218] In certain embodiments, the present invention provides for a method of single cell
sequencing comprising: extracting nuclei from apopulation of cells under conditions that preserve
aportion of the outer nuclear envelope and/or rough endoplasmic reticulum (RER); sorting single
nuclei into separate reaction vessels (discrete volumes); extracting RNA from the single nuclei;
generating acDNA library; and sequencing the library, whereby gene expression data from single
cellsisaobtained. Asused herein, the term “discrete volume” refers to any reaction volume, vessel,
chamber, or the like capable of separating one object from another (e.g., single cell, single nucle,
single bead. Non-limiting examples of discrete volumes include droplets (e.g., emulsion droplets),
wells in aplate, or microfluidic chambers.
[00219] In certain embodiments, extracting nuclei under conditions that preserve a portion of
the outer nuclear envelope and rough endoplasmic reticulum (RER) comprises chopping,
homogenizing or grinding the population of cellsin alysis buffer comprising: adetergent selected
from the group consisting of NP40, CHAPS and Tween-20; and an ionic strength between 100mM
and 200mM. The NP40 concentration may be about 0.2%. The Tween-20 concentration may be
about 0.03%. The CHAPS concentration may be about 0.49%. In some embodiments, polyamines
may beincluded. Non-limiting examples of chopping include cutting with scissors, chopping with
a scalpel or any blade known in the art. Chopping may be manual. Chopping may use any device
known in the art capable of chopping.
[00220] In certain embodiments, the population of cells may be treated with a reagent that
stabilizes RNA. The reagent that stabilizes RNA may be areagent that comprises the properties of
RNAlaterTM.
[00221] In certain embodiments, the separate reaction vessels may be microwells in aplate, as
described elsewhere herein. In certain embodiments, the separate reaction vessels may be
microfluidic droplets.
[00222]  Applicants developed microfluidic devices and protocols that allow Drop-seq analysis
of thousands of isolated nuclei (Dronc-Seq) (see, e.g., Habib et al., 2016, “Div-Seq: Single-nucleus
RNA-Seq reveals dynamics of rare adult newborn neurons’ Science, Vol. 353, Issue 6302, pp.
925-928; Habib et al., 2017, “Massively parale single-nucleus RNA-seq with DroNc-seq” Nat
Methods. 2017  Oct;14(10):955-958; and International patent application  number
PCT/US2016/059239). Furthermore, Applicants have recently made important progress with
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reverse emulsion devices used for other nuclei-based molecular biology applications, such as a
droplet version of single-cell ATAC-Seq. The methods can be applied to single nuclel extracted
from tissue samples (e.g., FFPE and frozen tissues). To develop Dronc-Seq Applicants combined
the nuclel preparation protocol of Nuc-Seq, a new device compatible with nuclei separation, and
Drop-Seq reagents (barcoded beads, molecular biology protocols, lysis buffers) for the in-drop and
subsequent phases of the protocol. Briefly, asin Nuc-Seq, Applicants used the published (Sweich
et a., 2015) protocols for high quality generation of nuclei suspensions from mouse hippocampus.
Unlike Nuc-Seq, where Applicants next sort single nuclei using FACS, in Dronc-Seq Applicants
use amicrofluidics device, following on the design principles of Drop-Seq, but optimized for the
size and properties of nuclei. The nuclel arelysed in drops, and their mRNA captured on the Drop-
Seq beads. Notably, given the smaller quantity of mRNA in nuclei, ensuring efficient capture is
key. A complementary modality (Klein et a., 2015) has higher capture but lower throughput than
Drop-Seg. Finally, Applicants test for cross-contamination due to ‘sticky’ RNA from the lysed
cytoplasms or leakage from nuclei using the cross-species controls developed for Drop-Seq
(Macosko et a., 2015). Nuclei can also be sorted through FACS prior to Drop-Seq encapsulation.
Applicants can aso use pore-blocking polymers called poloxamers, such as F-68 and F-127
(Sengupta et a.,2015). Applicants can use Dronc-Seq in the hippocampal biological system and
compare to the available of Nuc-Seq benchmarking data. Applicants can also generate Nuc-Seq
and Dronc-Seq data from the retina, demonstrating its generality.

[00223] In some embodiments, the method may further comprise staining the recovered cells
or nuclel using any suitable staining methods known in the art. In specific embodiments, the stain

comprises ruby stain.

METHODS OF RECOVERING NUCLEI AND ATTACHED RIBOSOMES FROM A
TISSUE SAMPLE

[00224] In some embodiments, the invention provides for methods of recovering nuclel and
attached ribosomes from atissue sample comprising chopping the tissue sample a between 0-4 °C
in anuclear extraction buffer comprising Tris buffer, adetergent and salts; and filtering the sample
through afilter between 30-50 uM, preferably 40 uM, and optionally washing the filter with fresh
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nuclear extraction buffer, wherein the nuclei are present in the supernatant passed through the
filter.

[00225] Asdescribed elsewhere herein, the buffer may comprise a detergent concentration that
preserves a portion of the outer nuclear envelope and/or ribosomes, and/or rough endoplasmic
reticulum (RER). The detergent may be an ionic, zwitterionic or nonionic detergent. The detergent
concentration may be a concentration that is sufficient to lyse cells, but not strong enough to fully
dissociate the outer nuclear membrane and RER or detach ribosomes. In certain embodiments, the
detergent is selected from the group consisting of NP40, CHAPS and Tween-29. Detergent
concentrations may be selected based on the critical micelle concentration (CMC) for each
detergent (Table 1). The concentration may be varied above and below the CMC. In certain
embodiments, the detergent concentration in the lysis buffer of the present invention comprises
about 0.2% NP40, about 0.49% CHAPS, or about 0.03% Tween-20. The critical micelle
concentration (CMC) isdefined asthe concentration of surfactants above which micelles form and
al additional surfactants added to the system goto micelles. Before reaching the CMC, the surface
tension changes strongly with the concentration of the surfactant. After reaching the CMC, the
surface tension remains relatively constant or changes with alower slope.

[00226] In some embodiments, the nuclear extraction buffer comprises 10-20 mM Tris, about
0.49% CHAPS, a salt concentration having an ionic strength of 100-250mM, and about 0.01%
BSA, whereby nuclel are recovered that have a preserved nuclear envelope and ribosomes.
[00227]  In some embodiments, the nuclear extraction buffer isbuffer CST.

[00228] In some embodiments, the nuclear extraction buffer comprises 10-20 mM Tris, about
0.03% Tween-20, a salt concentration having an ionic strength of 100-250mM, and about 0.01%
BSA, whereby nuclel are recovered that have a preserved nuclear envelope, rough ER and
ribosomes.

[00229]  In some embodiments, the nuclear extraction buffer isbuffer TST.

[00230] In some embodiments, the salts comprise 146 mM NaCl, ImM CaCl2, and 2ImM
MgCl2.

[00231] Asdescribed elsewhere herein, chopping may comprise chopping with scissors for 1-

10 minutes.
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[00232] In some embodiments, nuclei from specific cell types are genetically modified to
express a detectable label on the nuclear membrane and the method further comprises enriching
nuclel from the specific cell types using the detectable label.
[00233] In some embodiments, the method may further comprise staining the recovered nuclei.
In some embodiments, the stain comprises ruby stain.
[00234] In some embodiments, the nuclel may be sorted into discrete volumes by FACS, as
described elsewhere herein.
[00235] In some embodiments, the method may further comprise pelleting the nuclei and
resuspending the nuclel in a second buffer consisting of Tris buffer and salts. In some
embodiments, the second buffer isbuffer ST.
[00236] In some embodiments, the method may further comprise generating a single nucleus
barcoded library for the recovered nuclei, wherein the nucleic acid from each nucleus islabeled
with a barcode sequence comprising a cell of origin barcode, optionally the barcode sequence
includes acell of origin barcode and aunique molecular identifier (UMI).
[00237]  The term “unigue molecular identifiers’ (UMI) asused herein refers to a sequencing
linker or a subtype of nucleic acid barcode used in amethod that uses molecular tags to detect and
quantify unique amplified products. A UMI isused to distinguish effects through a single clone
from multiple clones. Theterm “clone” asused herein may refer to asingletranscript (e.g., mMRNA)
or target nucleic acid to be sequenced. Each clone amplified will have a different random UMI
that will indicate that the amplified product originated from that clone. The UMI may also beused
to determine the number of transcripts that gave rise to an amplified product, or in the case of
target barcodes, the number of binding events. In preferred embodiments, the amplification isby
PCR or multiple displacement amplification (MDA).
[00238] In certain embodiments, reverse transcription (RT) isused to label RNA from single
cells or single nuclel with acell of origin barcode, preferably, acell of origin barcode and unique
molecular identifier (UMI). The barcode may be included on abarcoded RT primer. The primer
may also include a capture sequence (e.g., poly T sequence). Thus, the present invention may
include barcoding.
[00239] The term “barcode” as used herein refers to a short sequence of nucleotides (for
example, DNA or RNA) that isused as an identifier for an associated molecule, such as atarget
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molecule and/or target nucleic acid, or as an identifier of the source of an associated molecule,
such as a cell-of-origin or individual transcript. A barcode may also refer to any unique, non-
naturally occurring, nucleic acid sequence that may be used to identify the originating source of a
nucleic acid fragment. Although it isnot necessary to understand the mechanism of an invention,
it is believed that the barcode segquence provides a high-quality individual read of a barcode
associated with a single cell, single nuclei, a viral vector, labeling ligand (e.g., antibody or
aptamer), protein, shRNA, sgRNA or cDNA such that multiple species can be sequenced together.
Exemplary barcodes may be sequences including but not limited to, TTGAGCCT, AGTTGCTT,
CCAGTTAG, ACCAACTG, GTATAACA or CAGGAGCC.
[00240] Barcoding may be performed based on any of the compositions or methods disclosed
in patent publication WO 2014047561 Al, Compositions and methods for labeling of agents,
incorporated herein in its entirety. In certain embodiments barcoding uses an error correcting
scheme (T. K. Moon, Error Correction Coding: Mathematical Methods and Algorithms (Wiley,
New York, ed. 1, 2005)). Not being bound by atheory, amplified sequences from single cells can
be sequenced together and resolved based on the barcode associated with each cell or nuclel.
[00241] The invention provides a mixture comprising a pluraity of nucleotide- or
oligonucleotide- adorned beads, wherein said beads comprises: alinker; an identical segquence for
use as a sequencing priming site; a uniform or near-uniform nucleotide or oligonucleotide
sequence; a ETnique Molecular Identifier (ErMI) which differs for each priming site; an
oligonucleotide redundant 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.
[00242] In some embodiments, RNA and/or DNA islabeled with the barcode sequence.
[00243] In some embodiments, the library isan RNA-seq, DNA-seq, and/or ATAC-seq library,
as described elsewhere herein.
[00244]  In some embodiments, the method may further comprise sequencing the library.
[00245]  In some embodiments, the tissue sample isfresh frozen.

Nuclei purification protocol from frozen tissue
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[00246] In certain embodiments, nuclei extracted from FFPE tissues is compared to nuclei
extracted from frozen tissue. Nuclei purification protocol (see, eg., Swiech L, e a. Nat
Biotechnol. 2015 Jan;33(l): 102-6. doi: 10.1038/nbt.3055. Epub 2014 Oct 19). The protocol may
be modified by using the lysis buffer as described above. In certain embodiments, the procedure
may be used for frozen/fixed tissue.

1 Dounce homogenize tissue in 2ml of ice-cold lysis buffer (25 times with a, 25times
with b), transfer to a 15 ml tube.

1. Rinse homogenizer with 2ml of ice-cold lysis buffer to get fina 4 ml, and collect
in the same tube.

2. Mix well and set on ice for 5 minutes.

3. Collect the nuclei by centrifugation a 500 x g for 5 minutes a 4 °C. Carefully
aspirate the clear supernatant from each tube and set the nuclel pellet onice. Note: The supernatant
contains cytoplasmic components and can be saved for later analysis or use.

4. Resuspend. Add 1 ml cold lysis buffer and mix by pipetting gently with a Iml tip
to completely suspend nuclei pellet. Add the remaining 3 ml of lysis buffer, mix well and set on
ice for 5 minutes.

5. Collect washed nuclel by centrifugation asin step 3. Carefully aspirate the clear
supernatant and set the nuclel pellet onice.

6. Optiona: Wash. Resuspend in 4ml 0.01% PBS BSA or Resuspension buffer
(RB*). Collect washed nuclei by centrifugation asin step 3.

7. Resuspend with ~500pl Resuspension buffer (RB*) or 0.01% PBSBSA + RNAse
inhibitor carefully by slow vortex & pipette 10x with a Iml tip, then transfer to tubes (for FACS,
filter through amembrane to get better purity.

8. Counterstain nuclel with Ruby Dye 1:500-1:1000 (check for clumps in the
microscope before sorting).

Table 3. Resuspension buffer- based on the original nuclel resuspension buffer from Swiech et
al. 2015:

Stocks For 10 ml
340 mM Sucrose 1M 3.4 ml
2 mM MgCl2 1M 10 ul
25 mM KClI 2M 125 ul
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65 mM glycerophosphate 1M 650ul
5% glycerol 100% 500 ul

[00247] In certain embodiments, nuclei extracted according to any method described herein
may be isolated by sucrose gradient centrifugation as described (Swiech L, et al. Nat Biotechnol.

2015 Jan;33(1): 102-6).

[00248] In some embodiments, the tissue sample comprises cells originating from the central
nervous system (CNS) or enteric nervous system (ENS). In some embodiments, the tissue sample
is obtained from the gut or the brain. In some embodiments, the tissue sample is obtained from a
subject suffering from a disease.

[00249]  In some embodiments, the tissue sample istreated with areagent that stabilizes RNA.

[00250] In some embodiments, the discrete volumes may be droplets, wells in a plate, or

microfluidic chambers, as described el sewhere herein.

METHODS OF TREATING DISEASES

[00251] The invention aso provides a method of treating a disease selected from the group
consisting of Hirschsprung's disease (HSCR), inflammatory bowel disease (IBD), autism
spectrum disorder (ASD), Parkinson’s disease (PD) and schizophrenia in a subject in need thereof.
The method comprises administering one or more agents capable of modulating the function or
activity of one or more neurons selected from the group consisting of PEMN1, PEMN2, PIMN1,
PIMN2, PIMN3, PIMN4, PIMN5, PIN1, PIN2, PSN and PSVN, or one or more cells functionally
interacting with the one or more neurons.

[00252] Asused herein, “treatment” or “treating,” or “palliating” or “ameliorating” are used
interchangeably. These terms refer to an approach for obtaining beneficial or desired results
including but not limited to a therapeutic benefit and/or a prophylactic benefit. By therapeutic
benefit is meant any therapeutically relevant improvement in or effect on one or more diseases,
conditions, or symptoms under treatment. For prophylactic benefit, the compositions may be
administered to a subject at risk of developing a particular disease, condition, or symptom, or to a
subject reporting one or more of the physiological symptoms of a disease, even though the disease,

condition, or symptom may not have yet been manifested. As used herein "treating" includes
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ameliorating, curing, preventing it from becoming worse, sowing the rate of progression, or
preventing the disorder from re-occurring (i.e., to prevent arelapse).
[00253] Theterm “effective amount” or “therapeutically effective amount” refers to the amount
of an agent that is sufficient to effect beneficial or desired results. The therapeutically effective
amount may vary depending upon one or more of: the subject and disease condition being treated,
the weight and age of the subject, the severity of the disease condition, the manner of
administration and the like, which can readily be determined by one of ordinary skill in the art.
The term also applies to a dose that will provide an image for detection by any one of the imaging
methods described herein. The specific dose may vary depending on one or more of: the particular
agent chosen, the dosing regimen to be followed, whether it isadministered in combination with
other compounds, timing of administration, the tissue to be imaged, and the physical delivery
system in which it is carried.

Modulating Agents
[00254] In certain embodiments, the present invention provides for one or more therapeutic
agents against combinations of targets identified. Targeting the identified genes or cells may
provide for enhanced or otherwise previously unknown activity in the treatment of disease. In
certain embodiments, an agent against one of the targets may already be known or used clinically.
In certain embodiments, a combination therapy may require less of the agent as compared to the
current standard of care and provide for less toxicity and improved treatment. In certain
embodiments, the agents are used to modulate cell types. For example, the agents may be used to
modulate cellsfor adoptive cell transfer. In certain embodiments, the one or more agents comprises
a small molecule inhibitor, small molecule degrader (e.g., PROTAC), genetic modifying agent,
antibody, antibody fragment, antibody-like protein scaffold, aptamer, protein, or any combination
thereof.
[00255] The terms “therapeutic agent”, “therapeutic capable agent” or “treatment agent” are
used interchangeably and refer to amolecule or compound that confers some beneficial effect upon
administration to a subject. The beneficial effect includes enablement of diagnostic
determinations; amelioration of adisease, symptom, disorder, or pathological condition; reducing
or preventing the onset of a disease, symptom, disorder or condition; and generally counteracting
adisease, symptom, disorder or pathological condition.
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[00256] In certain embodiments, the one or more agents is a small molecule. The term “small
molecule” refers to compounds, preferably organic compounds, with a size comparable to those
organic molecules generally used in pharmaceuticals. The term excludes biological
macromolecules (e.g., proteins, peptides, nucleic acids, etc.). Preferred small organic molecules
range in size up to about 5000 Da, e.g., up to about 4000, preferably upto 3000 Da, more preferably
up to 2000 Da, even more preferably up to about 1000 Da, e.g., up to about 900, 800, 700, 600 or
up to about 500 Da. In certain embodiments, the small molecule may act asan antagonist or agonist
(e.g., blocking an enzyme active site or activating areceptor by binding to aligand binding site).
[00257] Onetype of small molecule applicable to the present invention isa degrader molecule.
Proteolysis Targeting Chimera (PROTAC) technology is a rapidly emerging aternative
therapeutic strategy with the potential to address many of the challenges currently faced in modern
drug development programs. PROTAC technology employs small molecules that recruit target
proteins for ubiquitination and removal by the proteasome (see, e.g., Zhou e al., Discovery of a
Small-Molecule Degrader of Bromodomain and Extra- Termina (BET) Proteins with Picomolar
Cellular Potencies and Capable of Achieving Tumor Regression. J. Med. Chem. 2018, 61,
462-481; Bondeson and Crews, Targeted Protein Degradation by Small Molecules, Annu Rev
Pharmacol Toxicol. 2017 Jan 6; 57 107-123; and Lai et a., Modular PROTAC Design for the
Degradation of Oncogenic BCR-ABL Angew Chem Int Ed Engl. 2016 Jan 11; 55(2): 807-810).
[00258]  In certain embodiments, the one or more modulating agents may be agenetic modifying
agent. The genetic modifying agent may comprise a CRISPR system, a zinc finger nuclease
system, a TALEN, ameganuclease or RNAI system.
CRISPR Systems

[00259] Ingeneral, a CRISPR-Cas or CRISPR system asused in herein and in documents, such
as WO 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),

aguide sequence (also referred to asa“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, eg. CRISPR
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RNA and transactivating (tracr) RNA or asingle 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 a the site of atarget sequence (also
referred to as a protospacer in the context of an endogenous CRISPR system). See, e.g, Shmakov
et a. (2015) “Discovery and Functional Characterization of Diverse Class 2 CRISPR-Cas
Systems’, Molecular Cell, DOI: dx.doi.org/I0.1016/j.molcel.  2015. 10.008.
[00260]  In certain embodiments, aprotospacer 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 bea5s’ PAM (i.e, located upstream of the 5° end of the protospacer).
In other embodiments, the PAM may be a3’ PAM (i.e., located downstream of the 5’ end of the
protospacer). Theterm “PAM” may be used interchangeably with the term “PFS’ or “ protospacer
flanking site” or “protospacer flanking sequence’.
[00261] In apreferred embodiment, the CRISPR effector protein may recognize a 3> PAM. In
certain embodiments, the CRISPR effector protein may recognize a3’ PAM which is5H , wherein
HisA,CorU.
[00262] 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 aguide 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 apart of aRNA polynucleotide towhich apart of the gRNA, i.e. the guide
sequence, isdesigned to have complementarity and to which the effector function mediated by the
complex comprising CRISPR effector protein and agRNA istobedirected. In some embodiments,
atarget sequence islocated in the nucleus or cytoplasm of acell.
[00263] 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 acodon optimized CRISPR effector
protein. An example of a codon optimized sequence, isin this instance a sequence optimized for
expression in eukaryote, eg., humans (i.e. being optimized for expression in humans), or for
another eukaryote, animal or mammal as herein discussed;, see, eg., SaCas9 human codon
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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 isacodon optimized for expression
in particular cells, such as eukaryotic cells. The eukaryotic cells may be those of or derived from
a particular organism, such as aplant or amammal, including but not limited to human, or non-
human eukaryote or animal or mammal asherein discussed, e.g., 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 also animals resulting from such processes, may be excluded. In general, codon optimization
refers to a process of modifying anucleic 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 tranglation
of messenger RNA (mRNA), which isin turn believed to be dependent on, among other things,
the properties of the codons being trandlated 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 optimal 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 anumber 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 a
particular 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.
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[00264] 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
acell, such asaeukaryotic 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
Castransgenic cell asreferred to herein may be derived from a Cas transgenic eukaryote, such as
a Cas knock-in eukaryote. Reference is made to WO 2014/093622 (PCT/US13/74667),

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 ismade to Platt et. a. (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.

[00265] It will beunderstood by the skilled person that the cell, such asthe Castransgenic cell,
as referred to herein may comprise further genomic alterations besides having an integrated Cas
gene or the mutations arising from the sequence specific action of Caswhen complexed with RNA

capable of guiding Casto atarget locus.
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[00266] 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 isareplicon, such
as aplasmid, phage, or cosmid, into which another DNA segment may be inserted so asto bring
about the replication of the inserted segment. Generally, avector is capable of replication when
associated with the proper control elements. In general, the term “vector” refers to anucleic 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 inserted, such as by
standard molecular cloning techniques. Another type of vector isavira vector, wherein virally-
derived DNA or RNA sequences are present in the vector for packaging into a virus (e.g.
retroviruses, replication defective retroviruses, adenoviruses, replication defective adenoviruses,
and adeno-associated viruses (AAVS)). Vira vectors also include polynucleotides carried by a
virus 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.

[00267] Recombinant expression vectors can comprise anucleic acid of the invention in aform
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
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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 aninvitro transcription/tranglation system
or in ahost cell when the vector isintroduced into the host cell). With regards to recombination
and cloning methods, mention ismade 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 aso comprise transgenic cells
comprising the CRISPR effector system. In certain example embodiments, the transgenic cell may
function asan individual discrete volume. In other words samples comprising amasking construct
may be delivered to acell, for example in a suitable delivery vesicle and if the target ispresent in
the delivery vesicle the CRISPR effector is activated and a detectable signal generated.

[00268] 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., SJRNAS) 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., syRNAS). In asingle
vector there can be apromoter 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(Ss), 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 asto
the RNA(s) for a suitable exemplary vector such asAAV, and a suitable promoter such asthe 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) is361 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 inthe art can readily reach approximately 18-24, e.g., about
19 promoter-RNAS, e.g., U6-gRNAS in a single vector, eg., an AAV vector. A further means for
increasing the number of promoters and RNAS in avector isto use a single promoter (e.g., U6) to
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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 |l promoter, which can have increased expression and
enable the transcription of long RNA in a tissue gspecific manner. (see, eg.,
nar .oxfordj ournal s.org/ content/34/7/e53.short and
nature.com/mt/journal/vl6/n9/abs/mt2008l44a.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 asto the numbers of RNAs or guides
discussed herein, without any undue experimentation.

[00269] 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)
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 11, pol I11, 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 isthe promoter isUG6.

[00270] 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 at least 500 amino acids, and wherein the C2c2
effector protein isnaturally 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 Casl, CaslB,
Cas2, Cas3, Cas4, Casb, Cast, Cas7, Cas8, Cas9 (also known as Csnl and Csxl2), CadO, Csyl,
Csy2, Csy3, Csel, Cse2, Cstl, Csc2, Csab, Csn2, Csm2, Csm3, Csmd, Csmb, Csm6, Cmrl, Cmr3,
Cmr4, Cmr5, Cmr6, Csbl, Csb2, Csb3, Csxl7, Csxl4, CsxlO, CsxI6, CsaX, Csx3, Csxl, CsxI5,
Csfl, Csf2, Csf3, Csf4, homologues thereof, or modified versions thereof. In certain example
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embodiments, the C2c2 effector protein isnaturaly present in aprokaryotic genome within 20kb
upstream or downstream of a Cas 1 gene. The terms “orthologue’ (also referred to as “ortholog”
herein) and “homologue” (aso 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 partialy structurally
related. An “orthologue” of a protein as used herein is a protein of a different species which
performs the same or a similar function asthe protein it isan orthologue of. Orthologous proteins
may but need not be structurally related, or are only partially structurally related.
Guide Molecules
[00271] The methods described herein may be used to screen inhibition of CRISPR systems
employing different types of guide molecules. As used herein, the term “guide sequence” and
“guide molecule” inthe 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 anucleic acid-targeting complex to
the target nucleic acid sequence. The guide sequences made using the methods disclosed herein
may be afull-length guide sequence, atruncated guide sequence, afull-length sgRNA sequence,
atruncated sgRNA sequence, or an E+F sgRNA sequence. In some embodiments, the degree of
complementarity of the guide sequence to a given 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 aRNA duplex formed between the guide sequence and the target sequence. Accordingly, the
degree of complementarity is preferably less than 99%. For instance, where the guide sequence
consists of 24 nucleotides, the degree of complementarity ismore particularly about 96% or less.
In particular embodiments, the guide sequence isdesigned to have a stretch of two or more adjacent
mismatching nucleotides, such that the degree of complementarity over the entire guide sequence
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
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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 algorithm, the
Needleman-Wunsch algorithm, algorithms based on the Burrows-Wheeler Transform (e.g., the
Burrows Wheeler Aligner), ClustalW, Clustal X, BLAT, Novoaign (Novocraft Technologies;
available a www.novocraft.com), ELAND (lllumina, San Diego, CA), SOAP (available a
soap.genomics.org.cn), and Mag (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 anucleic acid-targeting CRISPR system sufficient to form
anucleic 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 anucleic 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 at or in the 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 anucleic acid-targeting guide RNA may be selected to target any target
nucleic acid sequence.

[00272] 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
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
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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, eg., 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, 39 40, 41, 42, 43, 44, 45, 46, 47 48, 49, 50, 51, 52, 53, 54,
55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80,
81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, or 100 nt.

[00273] In some embodiments, the guide sequence isan 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 as to ensure that it hybridizes to the target sequence. Thisis
described more in detail below. Selection can encompass further stepswhich increase efficacy and
specificity.

[00274]  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, a guide molecule is
longer than the canonical length (e.g., >30 nt) isused to hybridize with the target RNA or DNA,
such that aregion 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.

[00275]  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 isrnFold, as described by Zuker and Stiegler (Nucleic
Acids Res. 9 (1981), 133-148). Another example folding algorithm is the online Webserver
RNAfold, developed a Institute for Theoretical Chemistry a the University of Vienna, using the
centroid structure prediction agorithm (see e.g., A.R. Gruber et al., 2008, Cell 106(1): 23-24; and
PA Carr and GM Church, 2009, Nature Biotechnology 27(12): 1151-62).
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[00276] In some embodiments, itisof interest to reduce the susceptibility of the guide molecule
to RNA cleavage, such asto cleavage by Casl3. Accordingly, inparticular embodiments, the guide
molecule isadjusted to avoid cleavage by Casl3 or other RNA-cleaving enzymes.

[00277]  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 a the ribose, phosphate, and/or
base moiety. In an embodiment of the invention, a guide nucleic acid comprises ribonucleotides
and non-ribonucleotides. 1n one such embodiment, aguide 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, alocked 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 anaogs, 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'-O-methyl (M), 2'-0O-methyl
3'phosphorothioate (MS), S-constrained ethyl(cEt), or 2'-O-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 is
not predictable. (See, Hendel, 2015, Nat Biotechnol. 33(9):985-9, doi: 10.1038/nbt.3290,
published online 29 June 2015 Ragdarm et a., 0215, PNAS, E71 10-E71 11; Allerson et d., J. Med.
Chem. 2005, 48:901-904; Bramsen et d., Front. Genet.,, 2012, 3:154; Deng et a., PNAS, 2015,
112:1 1870-11875; Sharma et a., MedChemComm., 2014, 5:1454-1471; Hendel et ak, Nat.
Biotechnol. (2015) 33(9): 985-989; Li et ak, Nature Biomedical Engineering, 2017, 1, 0066
DO01:10.1038/s4155!-017-0066). In some embodiments, the 5’ and/or 3’ end of aguide RNA is
modified by a variety of functional moieties including fluorescent dyes, polyethylene glycol,
cholesterol, proteins, or detection tags. (See Kelly et ak, 2016, J. Biotech. 233:74-83). In certain
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embodiments, aguide comprises ribonucleotides in aregion that binds to atarget RNA and one or
more deoxyribonucleotides and/or nucleotide analogs in a region 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 isnot in the 5 -handle of the stem-loop
regions. Chemical modification inthe 5 -handle of the stem-loop region of aguide may abolish its
function (seeLi, 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 aguide ischemically modified. In some embodiments,
3-5 nucleotides at 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
chemically modified with 2'-0-methyl (M), 2'-0-methyl 3’ phosphorothioate (MS), S-constrained
ethyl(cEt), or 2'-0O-methyl 3’ thioPACE (MSP). Such modification can enhance genome editing
efficiency (see Hendel et al., Nat. Biotechnol. (2015) 33(9): 985-989). In certain embodiments, all
of the phosphodiester bonds of aguide are substituted with phosphorothioates (PS) for enhancing
levels of gene disruption. In certain embodiments, more than five nucleotides at the 5° and/or the
3’ end of the guide are chemically 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 a linker, such as an akyl chain. In certain
embodiments, the chemical moiety of the modified guide can be used to attach the guide to another
molecule, such asDNA, RNA, protein, or nanoparticles. Such chemicaly modified guide can be
used to identify or enrich cells generically edited by a CRISPR system (seeLee et a., eLife, 2017,
6:€25312, DOI: 10.7554).

[00278] 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'-0-methyl (M) analogs, 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), inosing, 7-methylguanosine, 2'-
O-methyl 3'phosphorothicate  (MS), S-constrained ethyl(cEt), phosphorothicate (PS), or 2'-0-

methyl 3'thioPACE (MSP). In some embodiments, the guide comprises one or more of
phosphorothioate maodifications. 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 nuclectides 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 a2'-fluoro analog. In a specific embodiment, one nucleotide of the seed region
isreplaced with a2 -fluoro analog. In some embodiments, 5to 10 nucleotides in the 3’-terminus
are chemically modified. Such chemical modifications at the 3’-terminus of the Cad3 CrRNA

may improve Cadl3 activity. In aspecific embodiment, 1,2,3,4,5,6,7,8,9or 10 nuclectides 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.

[00279] 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 ECUU, EEUUU, EIAE/U,
or UGUU.

[00280] In some embodiments, the guide molecule forms a stemloop with a separate non-
covalently 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 sequences can
be functionalized to contain an appropriate functional group for ligation using the standard
protocol known inthe art (Hermanson, G. T., Bioconjugate Techniques, Academic Press (2013)).

Examples of functional groups include, but are not limited to, hydroxyl, amine, carboxylic acid,
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carboxylic acid halide, carboxylic acid active ester, adehyde, carbonyl, chlorocarbonyl,
imidazolylcarbonyl, hydrozide, semicarbazide, thio semicarbazide, thiol, maleimide, haloalkyl,
sulfonyl, ally, propargyl, diene, alkyne, and azide. Once this sequence isfunctionalized, acovalent
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, uress,
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.
[00281] 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 et d., J.
Am. Chem. Soc. (1998) 120: 11820-1 1821; Scaringe, Methods Enzymol. (2000) 317: 3-18) or 2'-
thionocarbamate (2'-TC) chemistry (Dellinger et a., 3. Am. Chem. Soc. (201 1) 133: 11540-1 1546;
Hendel et a., Nat. Biotechnol. (2015) 33:985-989).
[00282] In certain embodiments, the guide molecule comprises (1) aguide sequence capable of
hybridizing to atarget locus and (2) atracr mate or direct repeat sequence whereby the direct repeat
sequence 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 the guide sequence isapproximately within the first 10 nucleotides
of the guide sequence.
[00283] Inaparticular embodiment the guide molecule comprises a guide sequence linked to a
direct 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 alength 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 afirst complimentary stretch (the “repeat”), aloop (which istypically 4 or 5 nucleotides
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long), a second complimentary stretch (the “anti-repeat” being complimentary to the repeat), and
a poly 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.

[00284] 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
overal 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) istolerated, so long asthe secondary structure of the entire guide
molecule ispreserved. 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
overal 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, athough 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.

[00285] In particular embodiments the natural hairpin or stemloop structure of the guide
molecule isextended 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 protein (Chen
et a. Cell. (2013); 155(7): 1479-1491). In particular embodiments the stem of the stemloop is
extended by at least 1, 2, 3, 4, 5 or more complementary basepairs (i.e. corresponding to the

76



WO 2020/077236 PCT/US2019/055894

addition of 2,4, 6, 8, 10 or more nucleotides in the guide molecule). In particular embodiments
these are located at the end of the stem, adjacent to the loop of the stemloop.
[00286] In particular embodiments, the susceptibility of the guide molecule to RNAses or to
decreased expression can bereduced by slight 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-I1l, can be removed by modifying a
putative Pol-111 terminator (4 consecutive U’s) in the guide molecules sequence. Where such
sequence modification isrequired in the stemloop of the guide molecule, it is preferably ensured
by abasepair flip.
[00287] Inaparticular 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.
[00288] In some embodiments, the guide molecule forms a duplex with a target RNA
comprising at least onetarget 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.
[00289] 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.
[00290] 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 asthe non-target sequence) isupstream or downstream of the PAM.
In the embodiments of the present invention where the CRISPR-Cas protein isa Casd3 protein,
the complementary 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 natural PAM sequences for different Casl3
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orthologues are provided herein below and the skilled person will be able to identify further PAM
sequences for use with agiven Casl3 protein.
[00291]  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):48l-5.
doi: 10.1038/naturel4592. Asfurther detailed herein, the skilled person will understand that Casl3
proteins may be modified analogously.
[00292]  In particular embodiment, the guide is an escorted guide. By “escorted” is meant that
the CRISPR-Cas system or complex or guide isdelivered to a selected time or place within a cell,
so that activity of the CRISPR-Cas system or complex or guide is spatially 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 asacell 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 asan external energy source that isapplied tothe cell a aparticular time.
[00293] 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.
[00294] 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 awide range of therapeutic utilities for aptamers (Keefe, Anthony D.,
Supriya Pai, and Andrew Ellington. "Aptamers astherapeutics.” Nature Reviews Drug Discovery
9.7 (2010): 537-550). These characteristics also suggest awide range of uses for aptamers as drug
delivery vehicles (Levy-Nissenbaum, Etgar, et al. "Nanotechnology and aptamers: applications in
drug delivery." Trends in biotechnology 26.8 (2008): 442-449; and, Hicke BJ, Stephens AW.
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“Escort aptamers. adelivery 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
fluorescent 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 beused as components of targeted SIRNA therapeutic delivery systems, for example targeting
cell surface proteins (Zhou, Jiehua, and John J. Rossi. "Aptamer-targeted cell-specific RNA
interference.” Silence 1.1 (2010): 4).

[00295]  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, tointracellular 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.

[00296] 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 CIB1. This binding is
fast 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/translation and transcript/protein degradation,
rather than uptake and clearance of inducing agents. Crytochrome-2 activation is aso highly
sensitive, alowing 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, alowing for greater precision than vector

delivery alone may offer.
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[00297] The invention contemplates energy sources such as electromagnetic radiation, sound
energy or thermal energy to induce the guide. Advantageoudly, the electromagnetic radiation is a
component of visible light. In apreferred embodiment, the light isablue light with awavelength
of about 450 to about 495 nm. In an especialy preferred embodiment, the wavelength is about
488 nm. In another preferred embodiment, the light stimulation isvia 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.
[00298] The chemica or energy sensitive guide may undergo a conformational change upon
induction by the binding of achemical source or by the energy allowing it act as aguide and have
the Casl3 CRISPR-Cas system or complex function. The invention can involve applying the
chemical source or energy so asto 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.
[00299] There are severa different designs of this chemical inducible system: 1. ABI-PYL
based system inducible by Abscisic Acid (ABA) (see, eg.
stke.sciencemag.org/cgi/content/abstract/sigtrans; 4/164/rs2), 2. FKBP-FRB based system
inducible by rapamycin (or related chemicas based on rapamycin) (see, eg.,
www.nature.com/nmeth/journal/v2/n6/full/nmeth763.html), 3. GID1-GAI based system inducible
by Gibberellin (GA) (see, eg.,
www.hature.com/nchembio/journal /v8/n5/full/nchembio.922.html).
[00300] A chemical inducible system can be an estrogen receptor (ER) based system inducible
by 4-hydroxytamoxifen (40HT) (see, e.g., www.pnhas.org/content/|04/3/|027. 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, estrogen receptor, estrogen-related receptor, glucocorticoid receptor,
progesterone receptor, androgen receptor may be used in inducible systems analogous to the ER
based inducible system.
[00301] 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.,
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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 influx of
ions will bind to intracellular ion interacting partners linked to a polypeptide including the guide
and the other components of the Cad3 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.
[00302] 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. Inthis instance, other methods of energy activation are contemplated, in particular,
electric field energy and/or ultrasound which have a similar effect.
[00303] 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 tothe pulses, the electric field may be delivered in acontinuous
manner. The electric pulse may be applied for between 1 psand 500 milliseconds, preferably
between 1 psand 100 milliseconds. The electric field may be applied continuously or in apulsed
manner for 5 about minutes.
[00304] Asused herein, ‘electric field energy’ isthe electrical energy towhich acell isexposed.
Preferably the electric field has a strength of from about 1Volt/cm to about 10 kVolts/cm or more
under in vivo conditions (see WO97/49450).
[00305] 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.
[00306] 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
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and/or the electric field may be delivered assingle or multiple continuous applications, or as pulses
(pulsatile delivery).

[00307] Electroporation has been used in both in vitro and in vivo procedures to introduce
foreign material 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 paradlel 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 ET.S. Pat. No
5,869,326).

[00308] The known electroporation techniques (both invitro 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 sguare wave pulse on the order of 1000 V/cm, of about 100
mu duration. Such a pulse may be generated, for example, in known applications of the Electro
Square Porator T820.

[00309] Preferably, the electric field has a strength of from about 1V/cm to about 10 kV/cm
under invitro conditions. Thus, the electric field may have a strength of 1V/cm, 2 V/cm, 3 V/cm,
4 V/cm, 5V/em, 6 V/icm, 7 V/cm, 8V/cm, 9 V/cm, 10 V/cm, 20 V/ecm, 50 V/em, 100 V/cm, 200
V/cm, 300 V/cm, 400 V/cm, 500 V/cm, 600 V/cm, 700 V/cm, 800 V/cm, 900 V/cm, 1kV/cm, 2
kV/ecm, 5kV/cm, 10 kV/cm, 20 kV/cm, 50 kV/ecm 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 eectric 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.

[00310] Preferably the application of the electric field isinthe form of multiple pulses such as
double pulses of the same strength and capacitance or sequential pulses of varying strength and/or
capacitance. Asused 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.
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[00311] Preferably the electric pulse is delivered as awaveform selected from an exponential
wave form, a square wave form, a modulated wave form and amodulated square wave form.
[00312] 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 a field
strength of between 1V/cm and 20V/cm, for aperiod of 100 milliseconds or more, preferably 15
minutes or more.

[00313] Ultrasound isadvantageously administered a apower level of from about 0.05 W/cm?2
to about 100 W/cm2. Diagnostic or therapeutic ultrasound may be used, or combinations thereof.
[00314] 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 betaken asabout 20 kHz.
Most diagnostic applications of ultrasound employ frequencies in the range 1and 15 MHZz' (From
Ultrasonics in Clinical Diagnosis, P. N. T. Wells, ed., 2nd. Edition, Publ. Churchill Livingstone
[Edinburgh, London & NY, 1977]).

[00315] Ultrasound has been used in both diagnostic and therapeutic applications. When used
as a diagnostic tool ("diagnostic ultrasound"), ultrasound is typically 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 a
range up to about 3to 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 is
intended to encompass diagnostic, therapeutic and focused ultrasound.

[00316] 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 ishigh intensity focused ultrasound (HIFU) which isreviewed
by Moussatov et al in Ultrasonics (1998) Vol.36, N0.8, pp.893-900 and TranHuuHue €t al in
Acustica (1997) Vol.83, No.6, pp. 1103-1 106.

[00317] 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
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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.
[00318] 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 isat apower density of from about 1to about 15 Wcm-2.
[00319] Preferably the exposure to an ultrasound energy source isat afrequency of from about
0.015 to about 10.0 MHz. More preferably the exposure to an ultrasound energy source isa a
frequency of from about 0.02 to about 5.0 MHz or about 6.0 MHz. Most preferably, the ultrasound
isapplied a afrequency of 3 MHz.
[00320] 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 befor alonger duration, for example, for 15 minutes.
[00321] 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.
[00322]  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. Thismay berepeated any number of times, in any order and combination.
The pulsed wave ultrasound may be applied against abackground of continuous wave ultrasound,
and any number of pulses may beused in any number of groups.
[00323]  Preferably, the ultrasound may comprise pulsed wave ultrasound. In ahighly preferred
embodiment, the ultrasound is applied a a power density of 0.7 Wem-2 or 1.25 Wem-2 as a
continuous wave. Higher power densities may be employed if pulsed wave ultrasound isused.
[00324] Use of ultrasound is advantageous as, like light, it may be focused accurately on a
target. Moreover, ultrasound isadvantageous asit may be focused more deeply into tissues unlike
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light. It istherefore better suited to whole-tissue penetration (such as but not limited to alobe of
the liver) or whole organ (such asbut not limited to the entire liver or an entire muscle, such asthe
heart) therapy. Another important advantage isthat ultrasound isanon-invasive stimulus which is
used in awide variety of diagnostic and therapeutic applications. By way of example, ultrasound
is well known in medical imaging techniques and, additionally, 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.

[00325] 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 allow for 5° additions to the guide sequence also referred to herein as a
protected guide molecule.

[00326] 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 a the 3’ end. In
particular embodiments of the invention, additional sequences comprising an extended 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 asahairpin.
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 sequence 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 molecule, the guide molecule is considered protected and results in improved

specific binding of the CRISPR-Cas complex, while maintaining specific activity.
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[00327] 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
canonical guide sequence length. Asdescribed by Nowak et al. (Nucleic Acids Res (2016) 44 (20):
9555-9564), such guides may alow 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.
CRISPR RNA-Targeting Effector Proteins
[00328]  In one example embodiment, the CRISPR system effector protein isan RNA-targeting
effector protein. In certain embodiments, the CRISPR system effector protein is a Type VI
CRISPR system targeting RNA (e.g., Casl3a, Cad3b, Cad3c or Cad3d). Example RNA-
targeting effector proteins include Casl3b and C2c2 (now known as Casl3a). It will be understood
that the term “C2c2” herein isused interchangeably with “Cadl3a’. “C2c2” isnow referred to as
“Cad3a’, and the terms are used interchangeably herein unless indicated otherwise. As used
herein, the term “Cadl3” refers to any Type VI CRISPR system targeting RNA (e.g., Casl3a,
Cadl3b, Casl3c or Casl3d). When the CRISPR protein is a C2c2 protein, atracrRNA is not
required. C2c2 has been described in Abudayyeh et a. (2016) “C2c2 is a single-component
programmable = RNA-guided  RNA-targeting CRISPR  effector”; Science;,  DOI:
10.H26/science.aaf5573; and 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; which are incorporated herein in their entirety by
reference. Casl3b has been described in Smargon et a. (2017) “Casl3b IsaType VI-B CRISPR-
Associated RNA-Guided RNases Differentially Regulated by Accessory Proteins Csx27 and
Csx28,” Molecular Cell. 65, 1-13; dx.doi.org/l0.1016/j.molcel. 2016.12.023., which is
incorporated herein in its entirety by reference.
[00329] In some embodiments, one or more elements of a nucleic acid-targeting system is
derived from aparticular organism comprising an endogenous CRISPR RNA-targeting system. In
certain example embodiments, the effector protein CRISPR RNA-targeting system comprises a
least one HEPN domain, including but not limited to the HEPN domains described herein, HEPN
domains known in the art, and domains recognized to be HEPN domains by comparison to
consensus sequence motifs. Several such domains are provided herein. In one non-limiting
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example, a consensus sequence can be derived from the sequences of C2c2 or Cas3b orthologs
provided herein. In certain example embodiments, the effector protein comprises a single HEPN
domain. In certain other example embodiments, the effector protein comprises two HEPN
domains.
[00330] Inone example embodiment, the effector protein comprise one or more HEPN domains
comprising a RxxxxH motif sequence. The RxxxxH motif sequence can be, without limitation,
from a HEPN domain described herein or a HEPN domain known in the art. RxxxxH motif
sequences further include motif sequences created by combining portions of two or more HEPN
domains. As noted, consensus sequences can be derived from the sequences of the orthologs
disclosed in ET.S. Provisona Patent Application 62/432,240 entitled “Novel CRISPR Enzymes
and Systems,” ET.S. Provisional Patent Application 62/471,710 entitled “Novel Type VI CRISPR
Orthologs and Systems’ filed on March 15, 2017, and U.S. Provisiona Patent Application entitled
“Novel Type VI CRISPR Orthologs and Systems,” labeled as attorney docket number 47627-05-
2133 and filed on April 12, 2017.
[00331] In certain other example embodiments, the CRISPR system effector protein isa C2c2
nuclease (also referred to as Casl3a). The activity of C2c2 may depend on the presence of two
HEPN domains. These have been shown to be RNase domains, i.e. nuclease (in particular an
endonuclease) cutting RNA. C2c2 HEPN may also target DNA, or potentially DNA and/or RNA.
On the basis that the HEPN domains of C2c2 are at least capable of binding to and, in their wild-
type form, cutting RNA, then it is preferred that the C2c2 effector protein has RNase function.
Regarding C2c2 CRISPR systems, reference ismade to U.S. Provisional 62/351,662 filed on June
17, 2016 and U.S. Provisional 62/376,377 filed on August 17, 2016. Reference is aso made to
U.S. Provisional 62/351,803 filed on June 17, 2016. Reference is adso made to U.S. Provisiona
entitted “Novel Crispr Enzymes and Systems’ filed December 8, 2016 bearing Broad Institute No.
10035.PA4 and Attorney Docket No. 47627.03.2133. Reference isfurther made to East-Seletsky
et a. “Two distinct RNase activities of CRISPR-C2c2 enable guide-RNA processing and RNA
detection” Nature doi: 10/1038/nature 19802 and Abudayyeh et a. “C2c2 is a single-component
programmable RNA-guided RNA targeting CRISPR effector” bioRxiv doi: 10. 1101/054742.
[00332] In certain embodiments, the C2c2 effector protein is from an organism of a genus
selected from the group consisting of: Leptotrichia, Listeria, Corynebacter, Sutterella, Legiondlla,
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Treponema, Filifactor, Eubacterium, Streptococcus, Lactobacillus, Mycoplasma, Bacteroides,
Flaviivola, Flavobacterium, Sphaerochaeta, Azospirillum, Gluconacetobacter, Neisseria,
Roseburia, Parvibaculum, Staphylococcus, Nitratifractor, Mycoplasma, Campylobacter, and
Lachnospira, or the C2c2 effector protein is an organism selected from the group consisting of:
Leptotrichia  shahii, Leptotrichia. wadel, Listeria seeligeri, Clostridium aminophilum,
Carnobacterium gallinarum, Paludibacter propionicigenes, Listeria weihenstephanensis, or the
C2c2 effector protein isalL.wadel FO279 or L.wadei FO279 (Lw2) C2C2 effector protein. In
another embodiment, the one or more guide RNAs are designed to detect a single nucleotide
polymorphism, splice variant of atranscript, or aframeshift mutation in atarget RNA or DNA.
[00333] In certain example embodiments, the RNA-targeting effector protein is a Type VI-B
effector protein, such as Casl3b and Group 29 or Group 30 proteins. In certain example
embodiments, the RNA-targeting effector protein comprises one or more HEPN domains. In
certain example embodiments, the RNA-targeting effector protein comprises a C-termina HEPN
domain, aN-terminal HEPN domain, or both. Regarding example Type VI-B effector proteins that
may beused in the context of this invention, reference ismade to U S Application No. 15/33 1,792
entitled “Novel CRISPR Enzymes and Systems’ and filed October 21, 2016, International Patent
Application No. PCT/US2016/058302 entitled “Novel CRISPR Enzymes and Systems’, and filed
October 21, 2016, and Smargon et al. “Casl3b isa Type VI-B CRISPR-associated RNA-Guided
RNase differentially regulated by accessory proteins Csx27 and Csx28” Molecular Cell, 65, 1-13
(2017); dx.doi.org/10.1016/j.molcel.  2016.12.023, and U.S. Provisional Application No. to be
assigned, entitled “Novel Casl3b Orthologues CRISPR Enzymes and System” filed March 15,
2017. In particular embodiments, the Casl3b enzyme isderived from Bergeyella zoohelcum.
[00334] In certain example embodiments, the RNA-targeting effector protein is a Casl3c
effector protein as disclosed in U.S. Provisional Patent Application No. 62/525,165 filed June 26,
2017, and PCT Application No. US2017/047193 filed August 16, 2017.
[00335] In some embodiments, one or more elements of a nucleic acid-targeting system is
derived from aparticular organism comprising an endogenous CRISPR RNA-targeting system. In
certain embodiments, the CRISPR RNA-targeting system is found in Eubacterium and
Ruminococcus. In certain embodiments, the effector protein comprises targeted and collateral
sSRNA cleavage activity. In certain embodiments, the effector protein comprises dual HEPN
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domains. In certain embodiments, the effector protein lacks a counterpart to the Helical- 1 domain
of Cad3a. In certain embodiments, the effector protein is smaller than previously characterized
class 2 CRISPR effectors, with amedian size of 928 aa. Thismedian sizeis 190 aa (17%) lessthan
that of Casl3c, more than 200 aa (18%) less than that of Casl3b, and more than 300 aa (26%) less
than that of Casl3a. In certain embodiments, the effector protein has no requirement for aflanking
sequence (e.g., PFS, PAM).
[00336] In certain embodiments, the effector protein locus structures include aWYL domain
containing accessory protein (so denoted after three amino acids that were conserved in the
originaly identified group of these domains; see, eg., WYL domain IPR026881). In certain
embodiments, the WYL domain accessory protein comprises a least one helix-turn-helix (HTH)
or ribbon-helix-helix (RHH) DNA-binding domain. In certain embodiments, the WYL domain
containing accessory protein increases both the targeted and the collateral sSRNA cleavage activity
of the RNA-targeting effector protein. In certain embodiments, the WYL domain containing
accessory protein comprises an N-terminal RHH domain, as well as a pattern of primarily
hydrophobic conserved residues, including an invariant tyrosine-leucine doublet corresponding to
the original WYL motif. In certain embodiments, the WYL domain containing accessory protein
iISWYL1. WYL1 isasingle WYL-domain protein associated primarily with Ruminococcus.
[00337]  In other example embodiments, the Type VI RNA-targeting Cas enzyme isCad3d. In
certain embodiments, Casl3d isEubacterium siraeum DSM 15702 (EsCasl3d) or Ruminococcus
sp. N1I5.MGS-57 (RspCasl3d) (see, eg., Yan e d., Cad3d Isa Compact RNA-Targeting Type
VI CRISPR Effector Positively Modulated by a WY L-Domain-Containing Accessory Protein,
Molecular Cell (2018), doi.org/I0.1016/j.molcel.2018.02.028).  RspCasl3d and EsCasl3d have no
flanking sequence requirements (e.g., PFS, PAM).

Casl3 RNA Editing
[00338] In one aspect, the invention provides a method of modifying or editing a target
transcript in aeukaryotic cell. In some embodiments, the method comprises allowing a CRISPR-
Cas effector module complex to bind to the target polynucleotide to effect RNA base editing,
wherein the CRISPR-Cas effector module complex comprises a Cas effector module complexed
with a guide sequence hybridized to atarget sequence within said target polynucleotide, wherein
said guide sequence islinked to adirect repeat sequence. In some embodiments, the Cas effector
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module comprises a catalytically inactive CRISPR-Cas protein. In some embodiments, the guide
sequence is designed to introduce one or more mismatches to the RNA/RNA duplex formed
between the target sequence and the guide sequence. In particular embodiments, the mismatch is
an A-C mismatch. In some embodiments, the Cas effector may associate with one or more
functional domains (e.g. via fusion protein or suitable linkers). In some embodiments, the effector
domain comprises one or more cytidine or adenosine deaminases that mediate endogenous editing
of via hydrolytic deamination. In particular embodiments, the effector domain comprises the
adenosine deaminase acting on RNA (ADAR) family of enzymes. In particular embodiments, the
adenosine deaminase protein or catalytic domain thereof capable of deaminating adenosine or
cytidine in RNA or is an RNA specific adenosine deaminase and/or is a bacterial, human,
cephalopod, or Drosophila adenosine deaminase protein or catalytic domain thereof, preferably
TadA, more preferably ADAR, optionally huADAR, optionally (hu)ADARI or (hu)ADAR2,
preferably huADAR?2 or catalytic domain thereof.

[00339] The present application relates to modifying atarget RNA sequence of interest (see,
e.g, Cox & al., Science. 2017 Nov 24;358(6366): 1019-1027). Using RNA-targeting rather than
DNA targeting offers several advantages relevant for therapeutic development. First, there are
substantial safety benefits to targeting RNA: there will be fewer off-target events because the
available sequence space in the transcriptome is significantly smaller than the genome, and if an
off-target event does occur, it will be transient and less likely to induce negative side effects.
Second, RNA-targeting therapeutics will be more efficient because they are cell-type independent
and not have to enter the nucleus, making them easier to deliver.

[00340] A further aspect of the invention relates to the method and composition as envisaged
herein for use in prophylactic or therapeutic treatment, preferably wherein said target locus of
interest iswithin a human or animal and to methods of modifying an Adenine or Cytidine in a
target RNA sequence of interest, comprising delivering to said target RNA, the composition as
described herein. In particular embodiments, the CRISPR system and the adenosine deaminase, or
catalytic domain thereof, are delivered as one or more polynucleotide molecules, as a
ribonucleoprotein complex, optionally via particles, vesicles, or one or more vira vectors. In

particular embodiments, the invention thus comprises compositions for use in therapy. This
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implies that the methods can be performed in vivo, ex vivo or invitro. In particular embodiments,
when the target isahuman or animal target, the method is carried out ex vivo or in vitro.
[00341] A further aspect of the invention relates to the method as envisaged herein for use in
prophylactic or therapeutic treatment, preferably wherein said target of interest iswithin ahuman
or anima and to methods of modifying an Adenine or Cytidine in a target RNA sequence of
interest, comprising delivering to said target RNA, the composition as described herein. In
particular embodiments, the CRISPR system and the adenosine deaminase, or catalytic domain
thereof, are delivered as one or more polynucleotide molecules, as a ribonucleoprotein complex,
optionally via particles, vesicles, or one or more vira vectors.
[00342] In one aspect, the invention provides a method of generating a eukaryotic cell
comprising amodified or edited gene. In some embodiments, the method comprises (a) introducing
one or more vectors into a eukaryotic cell, wherein the one or more vectors drive expression of
one or more of: Cas effector module, and a guide sequence linked to a direct repeat sequence,
wherein the Cas effector module associate one or more effector domains that mediate base editing,
and (b) allowing a CRISPR-Cas effector module complex to bind to atarget polynucleotide to
effect base editing of the target polynucleotide within said disease gene, wherein the CRISPR-Cas
effector module complex comprises a Cas effector module complexed with the guide sequence
that is hybridized to the target sequence within the target polynucleotide, wherein the guide
sequence may be designed to introduce one or more mismatches between the RNA/RNA duplex
formed between the guide sequence and the target sequence. In particular embodiments, the
mismatch isan A-C mismatch. In some embodiments, the Cas effector may associate with one or
more functional domains (e.g. via fusion protein or suitable linkers). In some embodiments, the
effector domain comprises one or more cytidine or adenosine deaminases that mediate endogenous
editing of via hydrolytic deamination. In particular embodiments, the effector domain comprises
the adenosine deaminase acting on RNA (ADAR) family of enzymes. In particular embodiments,
the adenosine deaminase protein or catalytic domain thereof capable of deaminating adenosine or
cytidine in RNA or is an RNA specific adenosine deaminase and/or is a bacterial, human,
cephalopod, or Drosophila adenosine deaminase protein or catalytic domain thereof, preferably
TadA, more preferably ADAR, optionally huADAR, optionally (hu)ADARI or (hu)ADAR2,
preferably huADAR?2 or catalytic domain thereof.
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[00343] The present invention may aso use aCasl2 CRISPR enzyme. Cad2 enzymes include
Cadl2a (Cpfl), Cad2b (C2cl), and Casl2c (C2c3), described further herein.
[00344] A further aspect relates to an isolated cell obtained or obtainable from the methods
described herein comprising the composition described herein or progeny of said modified cell,
preferably wherein said cell comprises a hypoxanthine or aguanine in replace of said Adenine in
said target RNA of interest compared to a corresponding cell not subjected to the method. In
particular embodiments, the cell is a eukaryotic cell, preferably a human or non-human animal
cell, optionally atherapeutic T cell or an antibody -producing B-cell.
[00345] In some embodiments, the modified cell isatherapeutic T cell, suchasaT cell suitable
for adoptive cell transfer therapies (e.g., CAR-T therapies). The modification may result in one or
more desirable traits in the therapeutic T cell, as described further herein.
[00346] Theinvention further relates to amethod for cell therapy, comprising administering to
apatient in need thereof the modified cell described herein, wherein the presence of the modified
cell remedies a disease in the patient.
[00347] 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:
» 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., Marraffmi, L.A., & Zhang,
F. Science Feb 15;339(6121):819-23 (2013);
» RNA-guided editing of bacterial genomes using CRISPR-Cas systems. Jiang W., Bikard
D., Cox D., Zhang F, Marraffmi LA. Nat Biotechnol Mar;3[(3):233-9 (2013);
» 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);
» Optical control of mammalian endogenous transcription and epigenetic states. Konermann
S, Brigham MD, Trevino AE, Hsu PD, Heidenreich M, Cong L, Platt RJ, Scott DA, Church
GM, Zhang F. Nature. Aug 22;500(7463):472-6. doi: 10.1038/Nature12466. Epub 2013
Aug 23 (2013);
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» 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., Shalem, O., Cradick,
TJ., Marraffmi, 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);

» 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, SI., 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. Platt RJ, Chen s,
Zhou Y, Yim MJ, Swiech L, Kempton HR, Dahiman 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 1J, Sabatini
DM, Lander ES., Science. January 3; 343(6166): 80-84. doi:10.1126/science. 1246981
(2014);
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y Rationa 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);

» Invivointerrogation of gene function inthe 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(1): 102-6 (2015);

y 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).

y A gplit-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);

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

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

» Shalem et a., “High-throughput functional genomics using CRISPR-Cas9,” Nature
Reviews Genetics 16, 299-31 1 (May 2015).

y Xu et a., “Sequence determinants of improved CRISPR sgRNA design,” Genome
Research 25, 1147-1157 (August 2015).

y Parnas e ak, “A Genome-wide CRISPR Screen in Primary Immune Cells to Dissect
Regulatory Networks,” Cell 162, 675-686 (July 30, 2015).

y Ramanan et ak, CRISPR-Cas9 cleavage of viral DNA efficiently suppresses hepatitis B
virus,” Scientific Reports 5:10833. doi: '0.1038/srepl0833  (June 2, 2015)
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» Nishimasu et al., Crystal Structure of Staphylococcus aureus Cas9,” Cell 162, 1113-1 126
(Aug. 27, 2015)

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

y Cpfl Isa Sngle RNA-Guided Endonuclease d a Class 2 CRISPR-Cas System, Zetsche et
al., 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: 10.10l6/j.molcel. 2015. 10.008 Epub
October 22, 2015.

». Rationally engineered Cas9 nucleaseswith improved specificity, Slaymaker et al., Science
2016 Jan 1 351(6268): 84-88 doi: 10.H26/science.aad5227. Epub 2015 Dec 1.

y Gao et al, “Engineered Cpfl Enzymes with Altered PAM Specificities,” bioRxiv 09161 1;
doi: http://dx.doi.org/I0.HOI/09I6l | (Dec. 4, 2016).

> Cox e a., “RNA editing with CRISPR-Cas 13,” Science. 2017 Nov 24;358(6366):1019-
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each of which isincorporated herein by reference, may be considered in the practice of the instant
invention, and discussed briefly below:

y Cong et al. engineered type |l CRISPR-Cas systems for use in eukaryotic cells based on
both Streptococcus thermophilus Cas9 and also Streptococcus pyogenes Cas9 and
demonstrated that Cas9 nucleases can bedirected 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 asingle 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
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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 ef 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 dual-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 inE. coli, 65% that were recovered
contained the mutation.

» 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 sequential 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 chemical 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 RNASs to introduce targeted double-strand breaks. This addresses the issue of
the Cas9 nuclease from the microbia CRISPR-Cas system being targeted to specific
genomic loci by aguide sequence, which can tolerate certain mismatches tothe 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
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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. Thisversatile
strategy enables awide variety of genome editing applications that require high specificity.

» Hsu el 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 reported providing
aweb-based software tool to guide the selection and validation of target sequences aswell
as off-target analyses.

» Ran el al. (2013-B) described a set of tools for Cas9-mediated genome editing via non-
homologous endjoining (NHEJ) or homology-directed repair (HDR) in mammalian cells,
aswell asgeneration of modified cell linesfor downstream functional studies. To minimize
off-target cleavage, the authors further described adouble-nicking strategy using the Cas9
nickase mutant with paired guide RNAs. 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 as little as 1-2 weeks, and modified
clonal cell lines can be derived within 2-3 weeks.

» Shalem el al. described a new way to interrogate gene function on a genome-wide scale.
Their studies showed that delivery of a genome-scale CRISPR-Cas9 knockout (GeCKO)
library targeted 18,080 genes with 64,751 unigue 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
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cells. Next, in amelanoma model, the authors screened for genes whose lossisinvolved in
resistance to vemurafenib, atherapeutic that inhibits mutant protein kinase BRAE Their
studies showed that the highest-ranking candidates included previously validated genes
NF1 and MED12 aswell as novel hits NF2, CUL3, TADA2B, and TADAL. The authors
observed ahigh 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 Cas9.

» Nishimasu et al. reported the crystal structure of Streptococcuspyogenes Cas9 in complex
with sgRNA and its target DNA a 2.5 A° resolution. The structure revealed 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 is essential 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 also contains a carboxyl-terminal domain responsible for the interaction 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
Sreptococcus pyogenes loaded with single guide RNAs (sgRNAS) in mouse embryonic
stem cells (MESCs). The authors showed that each of the four sgRNASstested 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 sitesin 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.
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> Platt et al. established a Cre-dependent Cas9 knockin mouse. The authors demonstrated in
vivo aswell 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 generally CRISPR-Cas9 history from
yogurt to genome editing, including genetic screening of cells.

» Wang etal. (2014) relates to apooled, 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 all possible target sites of apanel of
six endogenous mouse and three endogenous human genes and quantitatively assessed their
ability to produce null aleles 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.

» Konermann et al. (2015) discusses the ability to attach multiple effector domains, eg.,

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 catalytically inactive Cas9 (dCas9) fusions

are used to s