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SPATIAL ANALYSIS OF DNA METHYLATION

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. Provisional Patent Application No.
63/044,042, filed June 25, 2020, and U.S. Provisional Patent Application No. 63/128,783,
filed December 21, 2020. The entire contents of the foregoing applications are incorporated

herein by reference.

BACKGROUND

Cells within a tissue of a subject have differences in cell morphology and/or function
due to varied analyte levels (e.g., gene and/or protein expression) within the different cells.
The specific position of a cell within a tissue (e.g., the cell’s position relative to neighboring
cells or the cell’s position relative to the tissue microenvironment) can affect, e.g., the cell’s
morphology, differentiation, fate, viability, proliferation, behavior, and signaling and cross-
talk with other cells in the tissue.

Spatial heterogeneity has been previously studied using techniques that only provide
data for a small handful of analytes in the context of an intact tissue or a portion of a tissue,
or provide a lot of analyte data for single cells, but fail to provide information regarding the
position of the single cell in a parent biological sample (e.g., tissue sample).

DNA methylation is a crucial epigenetic modification of the genome that is involved
in regulating many cellular processes. These processes include, but are not limited to,
embryonic development, transcription, chromosome activation, chromosomal stability and as
such DNA methylation, and also aberrant DNA methylation, has been associated with human
diseases.

DNA methylation is an epigenetic mark that can be inherited through multiple cell
divisions. However, changes in methylation status can also occur in a single cell (e.g., a
cancer cell). Thus, in a pathological setting, the methylation state of each DNA molecule can
vary, making its analysis challenging and cumbersome. This is further confounded by the fact
that methylated-cytosine bases are not distinguishable from unmethylated-cytosine bases in
standard DNA sequencing technologies. To study DNA methylation, many researchers rely
on the use of bisulfite: a chemical which converts unmethylated cytosines to thymines and
leaves methylated cytosines intact. Ideally, bisulfite conversion could be used for single-cell
technologies, however, the chemical is harsh, fragments DNA, and is often not compatible

with enzymes and reagents required in downstream steps. However, due to the diagnostic and
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therapeutic implications related to targeting DNA methylation, there remains a need to
develop reliable and cost-effective methods to ascertain the methylation status of nucleic

acids at spatial locations of a biological sample.

SUMMARY

This disclosure provides methods of spatial analysis with identification of DNA
methylation status. The methods provided herein are applicable to normal physiological
conditions, development and stem-cell studies, and in pathophysiological settings such as
cancer. For example, in one embodiment, the DNA methylation status (and changes of the
same) of one or more particular analytes can be examined during therapeutic delivery. And,
because the location of the analyte (or complement thereof) can be identified using spatial
analysis methods (e.g., RNA-templated ligation) as disclosed herein, the location of the
analyte and/or changes to the methylation status can be identified. In some instances, the
methods disclosed herein can also be combined with imaging techniques that provide a
correlation between a particular location of an image (e.g., location of a tumor in a biological
sample) and both gene expression and methylation status at that location. Thus, the
disclosure provides powerful methods of identifying the location of methylated DNA in a
biological sample.

Accordingly, described herein is a method for identifying methylation status of an
analyte in a biological sample, the method comprising: (a) contacting the biological sample
with an array comprising a plurality of capture probes, wherein a capture probe in the
plurality of capture probes comprises (i) a spatial barcode and (ii) a capture domain
comprising at least one methylated cytosine; (b) deaminating the analyte in the biological
sample; (c) contacting the analyte with a plurality of probes comprising a first probe and a
second probe, wherein the first probe comprises (i) a sequence complementary to at least a
first sequence of the analyte and (ii) a sequence complementary to the capture domain; and
the second probe comprises a sequence complementary to at least a second sequence of the
analyte; (d) ligating the first probe and the second probe, thereby generating a ligation
product; (e) hybridizing the ligation product to the capture probe; (f) extending the capture
probe using the ligation product as a template; thereby generating an extended capture probe;
and (g) determining (i) all or a portion of the sequence of the spatial barcode or the
complement thereof, and (ii) all or a portion of the sequence of the extended capture probe, or
a complement thereof, and using the determined sequences of (i) and (ii) to identify the

methylation status of the analyte in the biological sample.
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In some embodiments, the first oligonucleotide and the second oligonucleotide
hybridize to the analyte at sequences that are at least about 1, 2, 3,4, 5, 6,7, 8,9, 10, or more
nucleotides apart.

In some embodiments, the method described herein further comprises extending the
first oligonucleotide and/or the second oligonucleotide after step (c). In some embodiments,
the first probe and/or second probe is extended using a polymerase.

In some embodiments, the method described herein further comprises releasing the
ligation product from the analyte. In some embodiments, the releasing occurs before
hybridizing the ligation product to the capture probe.

In some embodiments, the method further comprises, prior to step (b), contacting the
biological sample with a permeabilization reagent.

In some embodiments, the first probe and/or the second probe comprises a sequence
that binds to a sequence on the analyte that does not have a CG dinucleotide.

In some embodiments, the method further comprises washing the biological sample
between step (b) and step (c).

In another aspect, described herein is a method for identifying a methylation status of
DNA in a biological sample, the method comprising: (a) providing one or more transposomes
to the biological sample, wherein the transposomes comprise methylated adaptors, under
conditions wherein the one or more methylated adaptors is inserted into the DNA, thereby
generating tagmented DNA fragments comprising methylated adaptors; (b) contacting the
tagmented DNA fragments with an array comprising a plurality of capture probes, wherein a
capture probe in the plurality of capture probes comprises a spatial barcode, wherein if the
capture probe comprises one or more cytosines, wherein the one or more cytosines are
methylated cytosines; (¢) ligating the sequence comprising the tagmented DNA fragments
and the one or more methylated adaptors to the capture probe, thereby creating a ligation
product; (d) deaminating the ligation product; and (e) determining (i) all or a portion of the
sequence of the spatial barcode or the complement thereof, and (ii) all or a portion of the
sequence of the ligation product, or a complement thereof, and using the determined
sequences of (i) and (ii) to identify the methylation status of the DNA, or a portion thereof, in
the biological sample.

In some embodiments, the ligating comprises adding a splint oligonucleotide
comprises (i) a sequence that binds specifically to a portion of the capture probe; and (ii) a

sequence that binds specifically to a portion of the ligation product. In some embodiments,
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the splint oligonucleotide comprises a sequence that binds specifically to a portion of the one
or more methylated adaptors.

In some embodiments, the transposase enzyme is a TnS transposase enzyme, or a
functional derivative thereof or a Tn7 transposase enzyme, or the functional derivative
thereof.

In some embodiments, the one or more methylated adaptors comprises a first
methylated adaptor and a second methylated adaptor.

In some embodiments, the method described herein further comprises incubating the
ligation product with a terminal transferase and a plurality of deoxycytidine triphosphate
(dCTP) molecules, thereby extending the ligation product at the 3” end.

In some embodiments, the method described herein further comprises amplifying the
ligation product. In some embodiments, the method described herein further comprises
amplifying the ligation product using a primer sequence that is complementary to a poly-
cysteine sequence at the 3° end of the ligation product.

In some embodiments, the ligating comprises enzymatic ligation or chemical ligation.
In some embodiments, the enzymatic ligation utilizes a ligase. In some embodiments, the
ligase is one or more of a splintR ligase, a single stranded DNA ligase, or a T4 DNA ligase.

In some embodiments, the method described herein further comprises a migration step
wherein the analyte migrates to the substrate. In some embodiments, the migration step is an
active migration step comprising applying an electric field to the genomic DNA. In some
embodiments, the migration step is a passive migration step.

In another aspect, described herein is a method of identifying the methylation status of
anucleic acid in a biological sample on a first substrate, comprising: (a) deaminating the
nucleic acid; (b) hybridizing a first probe and a second probe to the nucleic acid, wherein: the
first probe comprises (i) a sequence complementary to at least a first sequence of the nucleic
acid and (i1) a sequence complementary to a capture domain of a capture probe on an array;
and the second probe comprises a sequence complementary to at least a second sequence of
the nucleic acid; (¢) ligating the first probe and the second probe to generate a ligation
product; (d) aligning the first substrate with the second substrate comprising the array, such
that at least a portion of the biological sample is aligned with at least a portion of the array,
wherein the array comprises a plurality of capture probes, wherein a capture probe of the
plurality of capture probes comprises: (i) a spatial barcode and (ii) the capture domain; (e)

when the biological sample is aligned with at least a portion of the array, (i) releasing the
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ligation product from the analyte and (ii) migrating the ligation product from the biological
sample to the array; and (f) capturing the ligation product with the capture domain.

In some embodiments, the method described herein further comprises determining (i)
all or a portion of the sequence of the spatial barcode or the complement thereof and (ii) all or
a portion of the sequence of the ligation product, or a complement thereof.

In some embodiments, the method described herein further comprises using the
determined sequences of (i) and (i) to identify the methylation status of the nucleic acid in
the biological sample.

In some embodiments, the first probe is at least 75%, at least 80%, at least 90%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% complementary to
the nucleic acid. In some embodiments, the first probe is about 15 to about 120 nucleotides in
length. In some embodiments, the first sequence is about 10 to about 60 nucleotides in length.

In some embodiments, the second probe is at least 75%, at least 80%, at least 90%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% complementary to
the nucleic acid. In some embodiments, the second probe is about 15 to about 120 nucleotides
in length. In some embodiments, the second sequence is about 10 to about 60 nucleotides in
length.

In some embodiments, the first sequence and the second sequence are adjacent
sequences.

In some embodiments, at least one deaminated nucleotide is located between the first
sequence and the second sequence. In some embodiments, at least two, at least three, at least
four, at least five, or more deaminated nucleotide is located between the first sequence and
the second sequence.

In some embodiments, the method described herein further comprises generating an
extended first probe and/or an extended second probe using a polymerase, wherein the
extended first probe or the extended second probe comprises a sequence complementary to a
sequence between the first sequence and the second sequence.

In some embodiments, at least one deaminated nucleotide is located in the first
sequence. In some embodiments, the at least one deaminated nucleotide is located in the
second sequence.

In some embodiments, the releasing comprises heating the biological sample. In some
embodiments, step (e) further comprises contacting the biological sample with a reagent
medium comprising a permeabilization reagent, optionally wherein the permeabilization

reagent comprises a protease.
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In some embodiments, the ligating the first probe and the second probe comprises
ligating via a ligase the first probe and the second probe. In some embodiments, the ligating
the first probe and the second probe comprises ligating via a ligase: (a) the first probe and the
extended second probe; or (b) the extended first probe and the second probe. In some
embodiments, the ligase is selected from a splintR ligase, a single stranded DNA ligase, or a
T4 DNA ligase.

In some embodiments, the first probe and the second probe are on a contiguous
nucleic acid. In some embodiments, the ligating utilizes a splint oligonucleotide. In some
embodiments, the splint oligonucleotide comprises a first splint sequence that is substantially
complementary to the first probe and a second splint sequence that is substantially
complementary to the second probe.

In some embodiments, the capturing the ligation product comprises hybridizing the
sequence complementary to a capture domain to the capture domain. In some embodiments,
the capturing the ligation product comprises ligating the ligation product to the capture probe.

In some embodiments, the method described herein further comprises extending the
capture probe using the ligation product as a template; thereby generating an extended
capture probe.

In another aspect, described herein is a method of identifying a methylation status of a
nucleic acid in a biological sample on a first substrate, the method comprising: (a) ligating a
methylated adaptor to a nucleic acid, generating an adapted nucleic acid fragment; (b)
deaminating the adapted nucleic acid fragment; (c) aligning the first substrate with a second
substrate comprising an array, such that at least a portion of the biological sample is aligned
with at least a portion of the array, wherein the array comprises a plurality of capture probes,
wherein a capture probe of the plurality of capture probes comprises: (i) a spatial barcode and
(i1) a capture domain; (d) when the biological sample is aligned with at least a portion of the
array, migrating the adapted nucleic acid fragment from the biological sample to the array;
and (e) capturing the adapted nucleic acid fragment with the capture domain.

In some embodiments, the method described herein further comprises determining (i)
all or a portion of the sequence of the spatial barcode or the complement thereof, and (i) all
or a portion of the sequence of the ligation product, or a complement thereof.

In some embodiments, the method described herein further comprises using the
determined sequences of (i) and (i) to identify the methylation status of the nucleic acid, or a

portion thereof, in the biological sample.
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In some embodiments, the methylated adaptor is ligated to the nucleic acid by
tagmentation. In some embodiments, the methylated adaptor is ligated to the nucleic acid at a
5’ end of the nucleic acid. In some embodiments, the methylated adaptor is ligated to the
nucleic acid at a 3’ end of the nucleic acid.

In some embodiments, the methylated adaptor is at least about 10 nucleotides to about
50 nucleotides long.

In some embodiments, the methylated adaptor comprises at least one, at least two, at
least three, at least four, at least five, or more methylated cytosines.

In some embodiments, the spatial barcode comprises at least one, at least two, at least
three, at least four, at least five, or more methylated cytosines.

In some embodiments, the ligating the methylated adaptor to the nucleic acid
comprises attaching the one or more methylated adaptors to the 5* and/or 3’ end of the
nucleic acid using a transposase enzyme complexed with a transposon, wherein the
transposase enzyme is a Tn5 transposase enzyme, or the functional derivative thereof.

In some embodiments, the capturing the adapted nucleic acid fragment comprises
hybridizing the adapted nucleic acid fragment with the capture domain. In some
embodiments, the capturing the adapted nucleic acid fragment comprises ligating the adapted
nucleic acid fragment with the capture domain, wherein the ligating comprises enzy matic
ligation or chemical ligation.

In some embodiments, the ligating utilizes a splint oligonucleotide, optionally
wherein the splint oligonucleotide comprises a first splint sequence that is substantially
complementary to the adapted nucleic acid fragment and a second splint sequence that is
substantially complementary to the capture probe.

In some embodiments, the method described herein further comprises extending the
capture probe using the adapted nucleic acid fragment as a template; thereby generating an
extended capture probe.

In some embodiments, the method described herein further comprises incubating the
adapted nucleic acid fragment with a terminal transferase and a plurality of deoxycytidine
triphosphate (dCTP) molecules, thereby generating an extended adapted nucleic acid
fragment.

In some embodiments, the method described herein further comprises amplifying the
extended adapted nucleic acid fragment. In some embodiments, the method described herein

further comprises amplifying the extended adapted nucleic acid fragment using a primer
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sequence that is complementary to a poly-cysteine sequence at the 3” end of the adapted
nucleic acid fragment.

In some embodiments, the biological sample is a cancer tissue sample. In some
embodiments, the biological sample is from a subject treated with a cancer therapy. In some
embodiments, the nucleic acid is DNA. In some embodiments, the DNA is genomic DNA.

In some embodiments, the biological sample is a tissue sample, optionally wherein the
tissue sample is a solid tissue sample, optionally wherein the tissue sample is a tissue section.
In some embodiments, the biological sample is a fixed sample, a frozen sample, a fresh
sample, or a fresh frozen sample. In some embodiments, the biological sample is a formalin
fixed paraffin embedded (FFPE) sample.

In some embodiments, the first substrate is a slide. In some embodiments, the first
substrate is a glass slide. In some embodiments, the first substrate does not comprise an array
of capture probes.

In some embodiments, the deaminating comprises contacting the biological sample
with a composition comprising sodium bisulfite. In some embodiments, the deaminating
comprises treating the biological sample with an enzyme. In some embodiments, the enzyme
is a cytidine deaminase or a demethylase.

In some embodiments, the second substrate is a glass slide. In some embodiments, a
5” end of the capture probe is attached to the second substrate.

In some embodiments, the array is a bead array. In some embodiments, a 5 end of the
capture probe is attached to a bead of the bead array.

In some embodiments, the capture probe further comprises a unique molecular
identifier (UMI).

In some embodiments, the capture probe further comprises one or more functional
domains, a unique molecular identifier, a cleavage domain, and combinations thereof.

In some embodiments, the migrating is active. In some embodiments, the migrating is
passive.

In some embodiments, the capture probe is extended using a polymerase.

In some embodiments, the determining comprises sequencing (i) all or a part of the
sequence of the nucleic acid, or a complement thereof, and (ii) all or a part of the sequence of
the spatial barcode, or a complement thereof.

In some embodiments, the methylation status comprises identifying that about 1% to

about 100% of cytosines comprises a methyl group.
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In some embodiments, the method described herein further comprises imaging the
biological sample. In some embodiments, the imaging occurs prior to deaminating the
biological sample.

In another aspect, described herein is a kit comprising comprising parts and
instruction for performing any one of the methods described herein.

In some embodiments, the kit comprises a substrate comprising a plurality of capture
probes, wherein a capture probe of the plurality of first capture probes comprises (i) a spatial
barcode and (ii) a capture domain.

In some embodiments, the kit comprises one or more enzyme. In some embodiments,
the one or more enzyme is selected from the group consisting of a transposase, a ligase, a
polymerase; a reverse transcriptase, a cytidine deaminase and a demethylase.

In some embodiments, the kit further comprises a transposome complex comprising a
transposase, a transposon sequence, and/or an adaptor sequence.

In another aspect, described herein is a composition comprising reagents for
performing any one of the methods described herein.

In some embodiments, the composition comprises a substrate comprising a plurality
of capture probes, wherein a capture probe of the plurality of first capture probes comprises
(1) a spatial barcode and (ii) a capture domain.

In some embodiments, the composition comprises one or more enzyme. In some
embodiments, the one or more enzyme is selected from the group consisting of a transposase,
aligase, a polymerase; a reverse transcriptase, a cytidine deaminase and a demethylase.

In some embodiments, the composition further comprises a transposome complex
comprising a transposase, a transposon sequence, and/or an adaptor sequence.

All publications, patents, patent applications, and information available on the internet
and mentioned in this specification are herein incorporated by reference to the same extent as
if each individual publication, patent, patent application, or item of information was
specifically and individually indicated to be incorporated by reference. To the extent
publications, patents, patent applications, and items of information incorporated by reference
contradict the disclosure contained in the specification, the specification is intended to
supersede and/or take precedence over any such contradictory material.

Where values are described in terms of ranges, it should be understood that the
description includes the disclosure of all possible sub-ranges within such ranges, as well as
specific numerical values that fall within such ranges irrespective of whether a specific

numerical value or specific sub-range is expressly stated.
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The term “each,” when used in reference to a collection of items, is intended to
identify an individual item in the collection but does not necessarily refer to every item in the
collection, unless expressly stated otherwise, or unless the context of the usage clearly
indicates otherwise.

The singular form “a”, “an”, and “the” include plural references unless the context
clearly dictates otherwise. For example, the term “a cell” includes one or more cells,
comprising mixtures thereof. “A and/or B” is used herein to include all of the following
alternatives: “A”, “B”, “A or B”, and “A and B”.

Various embodiments of the features of this disclosure are described herein. However,
it should be understood that such embodiments are provided merely by way of example, and
numerous variations, changes, and substitutions can occur to those skilled in the art without
departing from the scope of this disclosure. It should also be understood that various
alternatives to the specific embodiments described herein are also within the scope of this

disclosure.

DESCRIPTION OF DRAWINGS

The following drawings illustrate certain embodiments of the features and advantages
of this disclosure. These embodiments are not intended to limit the scope of the appended
claims in any manner. Like reference symbols in the drawings indicate like elements.

FIG. 1 is a schematic diagram showing an example of a barcoded capture probe, as
described herein.

FIG. 2 is a schematic illustrating a cleavable capture probe, wherein the cleaved
capture probe can enter into a non-permeabilized cell and bind to target analytes within the
sample.

FIG. 3 is a schematic diagram of an exemplary multiplexed spatially-barcoded
feature.

FIG. 4 is a schematic showing the arrangement of barcoded features within an array.

FIG. 5 is a schematic illustrating a side view of a diffusion-resistant medium, e.g., a
lid.

FIG. 6A and 6B are schematics illustrating expanded FIG. 6A and side views FIG.
6B of an electrophoretic transfer system configured to direct transcript analytes toward a
spatially-barcoded capture probe array.

FIG. 7 is a schematic illustrating an exemplary workflow protocol utilizing an

electrophoretic transfer system.
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FIG. 8A shows a schematic of an example analytical workflow in which
electrophoretic migration of analytes is performed after permeabilization.

FIG. 8B shows a schematic of an example analytical workflow in which
electrophoretic migration of analytes and permeabilization are performed simultaneously.

FIG. 9A shows an example perpendicular, single slide configuration for use during
electrophoresis.

FIG. 9B shows an example parallel, single slide configuration for use during
electrophoresis.

FIG. 9C shows an example multi-slide configuration for use during electrophoresis.

FIG. 10 shows a schematic of an example analytical workflow of generating a
deaminated nucleic acid in a biological sample and identifying a methylation status of a
deaminated nucleic acid in a biological sample.

FIG. 11A shows a schematic of an example analytical workflow of generating a
deaminated nucleic acid in a biological sample

FIG. 11B shows a schematic of an example analytical workflow of identifying a
methylation status of a deaminated nucleic acid in a biological sample.

FIG. 12 shows a schematic diagram depicting an exemplary two slide spatial array
embodiment.

FIG. 13 shows a table providing median genes per spot and median unique molecular
identifier (UMI) counts per spot in a formalin-fixed mouse brain sample.

FIG. 14 shows visual heat map results showing Logio UMI counts in a control single
slide and a two slide spatial set up embodiments.

FIG. 15 shows spatial clustering analysis images in control and two-slide spatial array
embodiments.

FIG. 16 shows a schematic of an example analytical workflow of generating a
deaminated nucleic acid in a biological sample.

FIG. 17 shows a schematic of an example analytical workflow of generating a
deaminated nucleic acid in a biological sample.

FIG. 18A shows a schematic of an example analytical workflow of tagmentation of
DNA molecules in a biological sample and capture of the tagmented DNA fragments on
spatial gene expression slides.

FIG. 18B shows a schematic of an example analytical workflow of generating a
library for whole genome methylation profiling (e.g., whole genome bisulfite sequencing)

using the captured tagmented DNA fragments from FIG. 18A.
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FIG. 19A shows an exemplary embodiment of spatial deamination methods disclosed
herein.

FIG. 19B shows the deaminated nucleic acid product after amplification and before
capture on an array.

FIGs. 20 and 21 show representative electropherogram of sequenced DNA molecules
after capture on an array.

FIG. 22 shows sequencing results for the captured and deaminated target analyte

with representative percentages of adenine (A), cytosine (C), guanine (G), and thymine (T)

DETAILED DESCRIPTION

The Applicant has identified a need in the scientific community to determine,
spatially, the methylation status of a biological sample. In particular, due to heterogenous cell
distribution in a biological sample, it is possible that the distribution of methylated
nucleotides (e.g., methylated DNA) among cells in a biological sample can vary. Methylation
of DNA is an important epigenetic modification. The methylation status of each DNA
molecule is variable and DNA methylation status in different cells is variable. This makes the
analysis of DNA methylation challenging and cumbersome. This is further confounded by the
fact that methylated-cytosine bases are not distinguishable from unmethylated-cytosine bases
in standard DNA sequencing technologies (e.g., sequencing-by synthesis or Sanger
sequencing).

DNA methylation is a biological process by which methyl groups are added to the
DNA molecule, thereby changing gene activity without changing the underlying DNA
sequence. In mammals, epigenetic modifications such as DNA methylation occur at primarily
cytosine/guanine (CG) dinucleotides. DNA methylation is typically found in promoter
regions (known as CpG islands) and are associated with transcriptional repression. For
example, a gene can be activated (e.g., “turned on”) in the presence of open chromatin and
acetylated histones. In this instance, nucleotides generally remain unmethylated. However, in
the presence of a methylated nucleotide (e.g., a methylated cytosine), a chromosome can be
condensed, resulting in de-activation of gene expression (e.g., expression is “turned off™).
Thus, when located in a gene promoter, DNA methylation typically acts to repress gene
transcription. Two DNA bases, cytosine and adenine, can be methylated. Cytosine
methylation is widespread in both eukaryotes and prokaryotes. Methylation of cytosine to
form 5-methylcytosine occurs at the same 5° position on the pyrimidine ring where the DNA

base thymine’s methyl group is located; the same position distinguishes thymine from the
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analogous RNA base uracil, which has no methyl group. Spontaneous deamination of 5-
methylcytosine converts it to thymine. This results in a T:G mismatch that can be identified
through sequencing techniques.

In recent decades, DNA methylation has been a subject of intense study, including
how it occurs and where it occurs, and it has been discovered that methylation is an important
component in numerous cellular processes, including embryonic development, genomic
imprinting, X-chromosome inactivation, and preservation of chromosome stability. DNA
methylation is used as a differentiating marker in various settings, including cancer,
neurology, some genetic diseases, development, cellular differentiation, model organism
understanding, and during therapy (e.g., drug treatment).

Given the many processes in which methylation plays a part, errors in methylation are
also linked to a variety of devastating consequences, including several human diseases.

To study DNA methylation, many researchers rely on the use of a deaminating
reagent, bisulfite: a chemical can be used in a process which converts unmethylated cytosines
to thymines and leaves methylated cytosines intact. However, the bisulfite is used under
harsh conditions that fragment DNA, and are often not compatible with enzymes and reagents
required for various applications. Herein are cost-effective and efficient techniques for
determining a methylation status of a biological sample. The methods and compositions
disclosed herein combine spatial analysis, multiple substrates, and methylation identification

techniques.

Methods and Compositions for Spatial Analysis

Spatial analysis methodologies and compositions described herein can provide a vast
amount of analyte and/or expression data for a variety of analytes within a biological sample
at high spatial resolution, while retaining native spatial context. Spatial analysis methods and
compositions can include, e.g., the use of a capture probe including a spatial barcode (e.g., a
nucleic acid sequence that provides information as to the location or position of an analyte
within a cell or a tissue sample (e.g., mammalian cell or a mammalian tissue sample) and a
capture domain that is capable of binding to an analyte (e.g., a protein and/or a nucleic acid)
produced by and/or present in a cell. Spatial analysis methods and compositions can also
include the use of a capture probe having a capture domain that captures an intermediate
agent for indirect detection of an analyte. For example, the intermediate agent can include a
nucleic acid sequence (e.g., a barcode) associated with the intermediate agent. Detection of

the intermediate agent is therefore indicative of the analyte in the cell or tissue sample.
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Non-limiting aspects of spatial analysis methodologies and compositions are
described in U.S. Patent Nos. 10,774,374, 10,724,078, 10,480,022, 10,059,990, 10,041,949,
10,002,316, 9,879,313, 9,783,841, 9,727,810, 9,593,365, 8,951,726, 8,604,182, 7,709,198,
U.S. Patent Application Publication Nos. 2020/239946, 2020/080136, 2020/0277663,
2020/024641, 2019/330617, 2019/264268, 2020/256867, 2020/224244, 2019/194709,
2019/161796, 2019/085383, 2019/055594, 2018/216161, 2018/051322, 2018/0245142,
2017/241911, 2017/089811, 2017/067096, 2017/029875, 2017/0016053, 2016/108458,
2015/000854, 2013/171621, WO 2018/091676, WO 2020/176788, Rodriques et al., Science
363(6434):1463-1467, 2019; Lee et al., Nat. Protoc. 10(3):442-458, 2015; Trejo et al., PLoS
ONE 14(2):¢0212031, 2019; Chen et al., Science 348(6233):aaa6090, 2015; Gao et al., BMC
Biol. 15:50, 2017; and Gupta et al., Nature Biotechnol. 36:1197-1202, 2018; the Visium
Spatial Gene Expression Reagent Kits User Guide (e.g., Rev C, dated June 2020), and/or the
Visium Spatial Tissue Optimization Reagent Kits User Guide (e.g., Rev C, dated July 2020),
both of which are available at the 10x Genomics Support Documentation website, and can be
used herein in any combination. Further non-limiting aspects of spatial analysis
methodologies and compositions are described herein.

Some general terminology that may be used in this disclosure can be found in Section
(I)(b) of WO 2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663.
Typically, a “barcode” is a label, or identifier, that conveys or is capable of conveying
information (e.g., information about an analyte in a sample, a bead, and/or a capture probe).
A barcode can be part of an analyte, or independent of an analyte. A barcode can be attached
to an analyte. A particular barcode can be unique relative to other barcodes. For the purpose
of this disclosure, an “analyte™ can include any biological substance, structure, moiety, or
component to be analyzed. The term “target™ can similarly refer to an analyte of interest.

Analytes can be broadly classified into one of two groups: nucleic acid analytes, and
non-nucleic acid analytes. Examples of non-nucleic acid analytes include, but are not limited
to, lipids, carbohydrates, peptides, proteins, glycoproteins (N-linked or O-linked),
lipoproteins, phosphoproteins, specific phosphorylated or acetylated variants of proteins,
amidation variants of proteins, hydroxylation variants of proteins, methylation variants of
proteins, ubiquitylation variants of proteins, sulfation variants of proteins, viral proteins (e.g.,
viral capsid, viral envelope, viral coat, viral accessory, viral glycoproteins, viral spike, etc.),
extracellular and intracellular proteins, antibodies, and antigen binding fragments. In some
embodiments, the analyte(s) can be localized to subcellular location(s), including, for

example, organelles, e.g., mitochondria, Golgi apparatus, endoplasmic reticulum,
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chloroplasts, endocytic vesicles, exocytic vesicles, vacuoles, lysosomes, etc. In some
embodiments, analyte(s) can be peptides or proteins, including without limitation antibodies
and enzymes. Additional examples of analytes can be found in Section (I)(c) of WO
2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663. In some
embodiments, an analyte can be detected indirectly, such as through detection of an
intermediate agent, for example, a ligation product or an analyte capture agent (e.g., an
oligonucleotide-conjugated antibody), such as those described herein.

A “biological sample™ is typically obtained from the subject for analysis using any of
a variety of techniques including, but not limited to, biopsy, surgery, and laser capture
microscopy (LCM), and generally includes cells and/or other biological material from the
subject. In some embodiments, a biological sample can be a tissue section. In some
embodiments, a biological sample can be a fixed and/or stained biological sample (e.g., a
fixed and/or stained tissue section). Non-limiting examples of stains include histological
stains (e.g., hematoxylin and/or eosin) and immunological stains (e.g., fluorescent stains). In
some embodiments, a biological sample (e.g., a fixed and/or stained biological sample) can
be imaged. Biological samples are also described in Section (I)(d) of WO 2020/176788
and/or U.S. Patent Application Publication No. 2020/0277663.

In some embodiments, a biological sample is permeabilized with one or more
permeabilization reagents. For example, permeabilization of a biological sample can facilitate
analyte capture. Exemplary permeabilization agents and conditions are described in Section
(D(d)(11)(13) or the Exemplary Embodiments Section of WO 2020/176788 and/or U.S. Patent
Application Publication No. 2020/0277663.

Array-based spatial analysis methods involve the transfer of one or more analytes
from a biological sample to an array of features on a substrate, where each feature is
associated with a unique spatial location on the array. Subsequent analysis of the transferred
analytes includes determining the identity of the analytes and the spatial location of the
analytes within the biological sample. The spatial location of an analyte within the biological
sample is determined based on the feature to which the analyte is bound (e.g., directly or
indirectly) on the array, and the feature’s relative spatial location within the array.

A “capture probe” refers to any molecule capable of capturing (directly or indirectly)
and/or labelling an analyte (e.g., an analyte of interest) in a biological sample. In some
embodiments, the capture probe is a nucleic acid or a polypeptide. In some embodiments, the
capture probe includes a barcode (e.g., a spatial barcode and/or a unique molecular identifier

(UMI)) and a capture domain). In some embodiments, a capture probe can include a
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cleavage domain and/or a functional domain (e.g., a primer-binding site, such as for next-
generation sequencing (NGS)). See, e.g., Section (II)(b) (e.g., subsections (i)-(vi)) of WO
2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663. Generation of
capture probes can be achieved by any appropriate method, including those described in
Section (IT)(d)(ii) of WO 2020/176788 and/or U.S. Patent Application Publication No.
2020/0277663.

FIG. 1 is a schematic diagram showing an exemplary capture probe, as described
herein. As shown, the capture probe 102 is optionally coupled to a feature 101 by a cleavage
domain 103, such as a disulfide linker. The capture probe can include a functional sequence
104 that are useful for subsequent processing. The functional sequence 104 can include all or
a part of sequencer specific flow cell attachment sequence (e.g., a PS or P7 sequence), all or a
part of a sequencing primer sequence, (e.g., a R1 primer binding site, a R2 primer binding
site), or combinations thereof. The capture probe can also include a spatial barcode 105. The
capture probe can also include a unique molecular identifier (UMI) sequence 106. While
FIG. 1 shows the spatial barcode 105 as being located upstream (5°) of UMI sequence 106, it
is to be understood that capture probes wherein UMI sequence 106 is located upstream (5°) of
the spatial barcode 105 is also suitable for use in any of the methods described herein. The
capture probe can also include a capture domain 107 to facilitate capture of a target analyte.
The capture domain can have a sequence complementary to a sequence of a nucleic acid
analyte. The capture domain can have a sequence complementary to a ligation product
described herein. The capture domain can have a sequence complementary to a capture
handle sequence present in an analyte capture agent. The capture domain can have a
sequence complementary to a splint oligonucleotide. Such splint oligonucleotide, in addition
to having a sequence complementary to a capture domain of a capture probe, can have a
sequence complementary to a sequence of a nucleic acid analyte, a portion of a ligation
product described herein, a capture handle sequence described herein, and/or a methylated
adaptor described herein.

The functional sequences can generally be selected for compatibility with any of a
variety of different sequencing systems, e.g., lon Torrent Proton or PGM, Illumina
sequencing instruments, PacBio, Oxford Nanopore, etc., and the requirements thereof. In
some embodiments, functional sequences can be selected for compatibility with non-
commercialized sequencing systems. Examples of such sequencing systems and techniques,
for which suitable functional sequences can be used, include (but are not limited to) Ion

Torrent Proton or PGM sequencing, Illumina sequencing, PacBio SMRT sequencing, and
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Oxford Nanopore sequencing. Further, in some embodiments, functional sequences can be
selected for compatibility with other sequencing systems, including non-commercialized
sequencing systems.

In some embodiments, the spatial barcode 105 and functional sequences 104 is
common to all of the probes attached to a given feature. In some embodiments, the UMI
sequence 106 of a capture probe attached to a given feature is different from the UMI
sequence of a different capture probe attached to the given feature.

FIG. 2 is a schematic illustrating a cleavable capture probe, wherein the cleaved
capture probe can enter into a non-permeabilized cell and bind to analytes within the sample.
The capture probe 201 contains a cleavage domain 202, a cell penetrating peptide 203, a
reporter molecule 204, and a disulfide bond (-S-S-). 205 represents all other parts of a capture
probe, for example a spatial barcode and a capture domain. Cleavable capture probe are
further described in WO 2020/176788 and/or U.S. Patent Application Publication No.
2020/0277663, each of which is incorporated by reference in its entirety.

For multiple capture probes that are attached to a common array feature, the one or
more spatial barcode sequences of the multiple capture probes can include sequences that are
the same for all capture probes coupled to the feature, and/or sequences that are different
across all capture probes coupled to the feature.

FIG. 3 is a schematic diagram of an exemplary multiplexed spatially-barcoded
feature. In FIG. 3, the feature 301 can be coupled to spatially-barcoded capture probes,
wherein the spatially-barcoded probes of a particular feature can possess the same spatial
barcode, but have different capture domains designed to associate the spatial barcode of the
feature with more than one target analyte. For example, a feature may be coupled to four
different types of spatially-barcoded capture probes, each type of spatially-barcoded capture
probe possessing the spatial barcode 302. One type of capture probe associated with the
feature includes the spatial barcode 302 in combination with a poly(T) capture domain 303,
designed to capture mRNA target analytes. A second type of capture probe associated with
the feature includes the spatial barcode 302 in combination with a random N-mer capture
domain 304 for gDNA analysis. A third type of capture probe associated with the feature
includes the spatial barcode 302 in combination with a capture domain complementary to a
capture handle sequence of an analyte capture agent of interest 305. A fourth type of capture
probe associated with the feature includes the spatial barcode 302 in combination with a
capture domain that can specifically bind a nucleic acid molecule 306 that can function in a

CRISPR assay (e.g., CRISPR/Cas9). While only four different capture probe-barcoded
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constructs are shown in FIG. 3, capture-probe barcoded constructs can be tailored for
analyses of any given analyte associated with a nucleic acid and capable of binding with such
a construct. For example, the schemes shown in FIG. 3 can also be used for concurrent
analysis of other analytes disclosed herein, including, but not limited to: (a) mRNA, a lineage
tracing construct, cell surface or intracellular proteins and metabolites, and gDNA; (b)
mRNA, accessible chromatin (e.g., ATAC-seq, DNase-seq, and/or MNase-seq) cell surface
or intracellular proteins and metabolites, and a perturbation agent (e.g., a CRISPR
crRNA/sgRNA, TALEN, zinc finger nuclease, and/or antisense oligonucleotide as described
herein); (¢) mRNA, cell surface or intracellular proteins and/or metabolites, a barcoded
labelling agent (e.g., the MHC multimers described herein), and a V(D)J sequence of an
immune cell receptor (e.g., T-cell receptor). In some embodiments, a perturbation agent can
be a small molecule, an antibody, a drug, an aptamer, a miRNA, a physical environmental
(e.g., temperature change), or any other known perturbation agents. See, e.g., Section (IT)(b)
(e.g., subsections (1)-(vi)) of WO 2020/176788 and/or U.S. Patent Application Publication
No. 2020/0277663. Generation of capture probes can be achieved by any appropriate method,
including those described in Section (I1)(d)(i1) of WO 2020/176788 and/or U.S. Patent
Application Publication No. 2020/0277663.

Capture probes attached to a single array feature can include identical (or common)
spatial barcode sequences, different spatial barcode sequences, or a combination of both.
Capture probes attached to a feature can include multiple sets of capture probes. Capture
probes of a given set can include identical spatial barcode sequences. The identical spatial
barcode sequences can be different from spatial barcode sequences of capture probes of
another set.

The plurality of capture probes can include spatial barcode sequences (e.g., nucleic
acid barcode sequences) that are associated with specific locations on a spatial array. For
example, a first plurality of capture probes can be associated with a first region, based on a
spatial barcode sequence common to the capture probes within the first region, and a second
plurality of capture probes can be associated with a second region, based on a spatial barcode
sequence common to the capture probes within the second region. The second region may or
may not be associated with the first region. Additional pluralities of capture probes can be
associated with spatial barcode sequences common to the capture probes within other
regions. In some embodiments, the spatial barcode sequences can be the same across a

plurality of capture probe molecules.
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In some embodiments, multiple different spatial barcodes are incorporated into a
single arrayed capture probe. For example, a mixed but known set of spatial barcode
sequences can provide a stronger address or attribution of the spatial barcodes to a given spot
or location, by providing duplicate or independent confirmation of the identity of the
location. In some embodiments, the multiple spatial barcodes represent increasing specificity
of the location of the particular array point.

In some embodiments, more than one analyte type (e.g., nucleic acids and proteins)
from a biological sample can be detected (e.g., simultaneously or sequentially) using any
appropriate multiplexing technique, such as those described in Section (IV) of WO
2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663.

In some embodiments, detection of one or more analytes (e.g., protein analytes) can
be performed using one or more analyte capture agents. As used herein, an “analyte capture
agent” refers to an agent that interacts with an analyte (e.g., an analyte in a biological sample)
and with a capture probe (e.g., a capture probe attached to a substrate or a feature) to identify
the analyte. In some embodiments, the analyte capture agent includes: (i) an analyte binding
moiety (e.g., that binds to an analyte), for example, an antibody or antigen-binding fragment
thereof; (ii) analyte binding moiety barcode; and (iii) an analyte capture sequence or capture
handle sequence. As used herein, the term “analyte binding moiety barcode™ refers to a
barcode that is associated with or otherwise identifies the analyte binding moiety. As used
herein, the term “analyte capture sequence” or “capture handle sequence” refers to a region or
moiety configured to hybridize to, bind to, couple to, or otherwise interact with a capture
domain of a capture probe. In some embodiments, a capture handle sequence is
complementary to a capture domain of a capture probe. In some cases, an analyte binding
moiety barcode (or portion thereof) may be able to be removed (e.g., cleaved) from the
analyte capture agent. Additional description of analyte capture agents can be found in
Section (IT)(b)(ix) of WO 2020/176788 and/or Section (IT)(b)(viii) U.S. Patent Application
Publication No. 2020/0277663.

There are at least two methods to associate a spatial barcode with one or more
neighboring cells, such that the spatial barcode identifies the one or more cells, and/or
contents of the one or more cells, as associated with a particular spatial location. One method
is to promote analytes or analyte proxies (e.g., intermediate agents) out of a cell and towards
a spatially-barcoded array (e.g., including spatially-barcoded capture probes). Another
method is to cleave spatially-barcoded capture probes from an array and promote the

spatially-barcoded capture probes towards and/or into or onto the biological sample.
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In some cases, capture probes may be configured to prime, replicate, and
consequently yield optionally barcoded extension products from a template (e.g., a DNA
template, such as an analyte or an intermediate agent (e.g., a ligation product or an analyte
capture agent), or a portion thereof), or derivatives thereof (see, e.g., Section (II)(b)(vii) of
WO 2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663 regarding
extended capture probes). In some cases, capture probes may be configured to form ligation
products with a template (e.g., a DNA template, such as an analyte or an intermediate agent,
or portion thereof), thereby creating ligations products that serve as proxies for a template.

As used herein, an “extended capture probe” refers to a capture probe having
additional nucleotides added to the terminus (e.g., 3° or 5° end) of the capture probe thereby
extending the overall length of the capture probe. For example, an “extended 3’ end”
indicates additional nucleotides were added to the most 3” nucleotide of the capture probe to
extend the length of the capture probe, for example, by polymerization reactions used to
extend nucleic acid molecules including templated polymerization catalyzed by a polymerase
(e.g., a DNA polymerase or a reverse transcriptase). In some embodiments, extending the
capture probe includes adding to a 3” end of a capture probe a nucleic acid sequence that is
complementary to a nucleic acid sequence of an analyte or intermediate agent specifically
bound to the capture domain of the capture probe. In some embodiments, the capture probe is
extended using reverse transcription. In some embodiments, the capture probe is extended
using one or more DNA polymerases. The extended capture probes include the sequence of
the capture probe and the sequence of the spatial barcode of the capture probe.

In some embodiments, extended capture probes are amplified (e.g., in bulk solution
or on the array) to yield quantities that are sufficient for downstream analysis, e.g., via DNA
sequencing. In some embodiments, extended capture probes (e.g., DNA molecules) act as
templates for an amplification reaction (e.g., a polymerase chain reaction).

Additional variants of spatial analysis methods, including in some embodiments, an
imaging step, are described in Section (IT)(a) of WO 2020/176788 and/or U.S. Patent
Application Publication No. 2020/0277663. Analysis of captured analytes (and/or
intermediate agents or portions thereof), for example, including sample removal, extension of
capture probes, sequencing (e.g., of a cleaved extended capture probe and/or a cDNA
molecule complementary to an extended capture probe), sequencing on the array (e.g., using,
for example, in situ hybridization or in situ ligation approaches), temporal analysis, and/or
proximity capture, is described in Section (II)(g) of WO 2020/176788 and/or U.S. Patent
Application Publication No. 2020/0277663. Some quality control measures are described in
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Section (IT)(h) of WO 2020/176788 and/or U.S. Patent Application Publication No.
2020/0277663.

Spatial information can provide information of biological and/or medical importance.
For example, the methods and compositions described herein can allow for: identification of
one or more biomarkers (e.g., diagnostic, prognostic, and/or for determination of efficacy of a
treatment) of a disease or disorder; identification of a candidate drug target for treatment of a
disease or disorder; identification (e.g., diagnosis) of a subject as having a disease or
disorder; identification of stage and/or prognosis of a disease or disorder in a subject;
identification of a subject as having an increased likelihood of developing a disease or
disorder; monitoring of progression of a disease or disorder in a subject; determination of
efficacy of a treatment of a disease or disorder in a subject; identification of a patient
subpopulation for which a treatment is effective for a disease or disorder; modification of a
treatment of a subject with a disease or disorder; selection of a subject for participation in a
clinical trial; and/or selection of a treatment for a subject with a disease or disorder.

Spatial information can provide information of biological importance. For example,
the methods and compositions described herein can allow for: identification of transcriptome
and/or proteome expression profiles (e.g., in healthy and/or diseased tissue); identification of
multiple analyte types in close proximity (e.g., nearest neighbor analysis); determination of
up- and/or down-regulated genes and/or proteins in diseased tissue; characterization of tumor
microenvironments; characterization of tumor immune responses; characterization of cells
types and their co-localization in tissue; and identification of genetic variants within tissues
(e.g., based on gene and/or protein expression profiles associated with specific disease or
disorder biomarkers).

Typically, for spatial array-based methods, a substrate functions as a support for direct
or indirect attachment of capture probes to features of the array. A “feature™ is an entity that
acts as a support or repository for various molecular entities used in spatial analysis. In some
embodiments, some or all of the features in an array are functionalized for analyte capture.
Exemplary substrates are described in Section (II)(c) of WO 2020/176788 and/or U.S. Patent
Application Publication No. 2020/0277663. Exemplary features and geometric attributes of
an array can be found in Sections (IT)(d)(1), (IN)(d)(ii1), and (IT)(d)(iv) of WO 2020/176788
and/or U.S. Patent Application Publication No. 2020/0277663.

FIG. 4 depicts an exemplary arrangement of barcoded features within an array. From
left to right, FIG. 4 shows (L) a slide including six spatially-barcoded arrays, (C) an enlarged

schematic of one of the six spatially-barcoded arrays, showing a grid of barcoded features in
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relation to a biological sample, and (R) an enlarged schematic of one section of an array,
showing the specific identification of multiple features within the array (labelled as ID578,
ID579, ID560, etc.).

Generally, analytes and/or intermediate agents (or portions thereof) can be captured
when contacting a biological sample with a substrate including capture probes (e.g., a
substrate with capture probes embedded, spotted, printed, fabricated on the substrate, or a
substrate with features (e.g., beads, wells) comprising capture probes). As used herein,

2 ¢«

“contact,” “contacted,” and/or “contacting,” a biological sample with a substrate refers to any
contact (e.g., direct or indirect) such that capture probes can interact (e.g., bind covalently or
non-covalently (e.g., hybridize)) with analytes from the biological sample. Capture can be
achieved actively (e.g., using electrophoresis) or passively (e.g., using diffusion). Analyte
capture is further described in Section (II)(e) of WO 2020/176788 and/or U.S. Patent
Application Publication No. 2020/0277663.

FIG. 5 is an illustration of an exemplary use of a diffusion-resistant medium. A
diffusion-resistant medium/lid 502 can be contacted with a sample 503. In FIG. 5, a glass
slide 504 is populated with spatially-barcoded capture probes 506, and the sample 503, 505 is
contacted with the array 504, 506. A diffusion-resistant medium/lid 502 can be applied to the
sample 503, wherein the sample 503 is disposed between a diffusion-resistant medium 502
and a capture probe coated slide 504. When a permeabilization solution 501 is applied to the
sample, the diffusion-resistant medium/lid 502 directs the migration of the analytes 505
toward proximal capture probes 506 by reducing diffusion of the analytes out into the
medium. Alternatively, the diffusion resistant medium/lid may contain permeabilization
reagents.

In some cases, spatial analysis can be performed by attaching and/or introducing a
molecule (e.g., a peptide, a lipid, or a nucleic acid molecule) having a barcode (e.g., a spatial
barcode) to a biological sample (e.g., to a cell in a biological sample). In some embodiments,
a plurality of molecules (e.g., a plurality of nucleic acid molecules) having a plurality of
barcodes (e.g., a plurality of spatial barcodes) are introduced to a biological sample (e.g., to a
plurality of cells in a biological sample) for use in spatial analysis. In some embodiments,
after attaching and/or introducing a molecule having a barcode to a biological sample, the
biological sample can be physically separated (e.g., dissociated) into single cells or cell
groups for analysis. Some such methods of spatial analysis are described in Section (IIT) of

WO 2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663.
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In some cases, spatial analysis can be performed by detecting multiple
oligonucleotides that hybridize to an analyte. In some instances, for example, spatial analysis
can be performed using RNA-templated ligation (RTL). Methods of RTL have been
described previously. See, e.g., Credle et al., Nucleic Acids Res. 2017 Aug 21;45(14):e128.
Typically, RTL includes hybridization of two oligonucleotides to adjacent sequences on an
analyte (e.g., an RNA molecule, such as an mRNA molecule). In some instances, the
oligonucleotides are DNA molecules. In some instances, one of the oligonucleotides includes
at least two ribonucleic acid bases at the 3° end and/or the other oligonucleotide includes a
phosphorylated nucleotide at the 5* end. In some instances, one of the two oligonucleotides
includes a capture domain (e.g., a poly(A) sequence, a non-homopolymeric sequence). After
hybridization to the analyte, a ligase (e.g., SplintR ligase) ligates the two oligonucleotides
together, creating a ligation product. In some instances, the two oligonucleotides hybridize to
sequences that are not adjacent to one another. For example, hybridization of the two
oligonucleotides creates a gap between the hybridized oligonucleotides. In some instances, a
polymerase (e.g., a DNA polymerase) can extend one of the oligonucleotides prior to
ligation. After ligation, the ligation product is released from the analyte. In some instances,
the ligation product is released using an endonuclease (e.g., RNAse H). The released ligation
product can then be captured by capture probes (e.g., instead of direct capture of an analyte)
on an array, optionally amplified, and sequenced, thus determining the location and
optionally the abundance of the analyte in the biological sample.

During analysis of spatial information, sequence information for a spatial barcode
associated with an analyte is obtained, and the sequence information can be used to provide
information about the spatial distribution of the analyte in the biological sample. Various
methods can be used to obtain the spatial information. In some embodiments, specific
capture probes and the analytes they capture are associated with specific locations in an array
of features on a substrate. For example, specific spatial barcodes can be associated with
specific array locations prior to array fabrication, and the sequences of the spatial barcodes
can be stored (e.g., in a database) along with specific array location information, so that each
spatial barcode uniquely maps to a particular array location.

Alternatively, specific spatial barcodes can be deposited at predetermined locations in
an array of features during fabrication such that at each location, only one type of spatial
barcode is present so that spatial barcodes are uniquely associated with a single feature of the

array. Where necessary, the arrays can be decoded using any of the methods described herein
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so that spatial barcodes are uniquely associated with array feature locations, and this mapping
can be stored as described above.

When sequence information is obtained for capture probes and/or analytes during
analysis of spatial information, the locations of the capture probes and/or analytes can be
determined by referring to the stored information that uniquely associates each spatial
barcode with an array feature location. In this manner, specific capture probes and captured
analytes are associated with specific locations in the array of features. Each array feature
location represents a position relative to a coordinate reference point (e.g., an array location, a
fiducial marker) for the array. Accordingly, each feature location has an “address™ or
location in the coordinate space of the array.

Some exemplary spatial analysis workflows are described in the Exemplary
Embodiments section of WO 2020/176788 and/or U.S. Patent Application Publication No.
2020/0277663. See, for example, the Exemplary embodiment starting with “In some non-
limiting examples of the workflows described herein, the sample can be immersed...” of WO
2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663. See also, e.g.,
the Visium Spatial Gene Expression Reagent Kits User Guide (e.g., Rev C, dated June 2020),
and/or the Visium Spatial Tissue Optimization Reagent Kits User Guide (e.g., Rev C, dated
July 2020).

In some embodiments, spatial analysis can be performed using dedicated hardware
and/or software, such as any of the systems described in Sections (II)(e)(ii) and/or (V) of WO
2020/176788 and/or U.S. Patent Application Publication No. 2020/0277663, or any of one or
more of the devices or methods described in Sections Control Slide for Imaging, Methods of
Using Control Slides and Substrates for, Systems of Using Control Slides and Substrates for
Imaging, and/or Sample and Array Alignment Devices and Methods, Informational labels of
WO 2020/123320.

Suitable systems for performing spatial analysis can include components such as a
chamber (e.g., a flow cell or sealable, fluid-tight chamber) for containing a biological sample.
The biological sample can be mounted for example, in a biological sample holder. One or
more fluid chambers can be connected to the chamber and/or the sample holder via fluid
conduits, and fluids can be delivered into the chamber and/or sample holder via fluidic
pumps, vacuum sources, or other devices coupled to the fluid conduits that create a pressure
gradient to drive fluid flow. One or more valves can also be connected to fluid conduits to

regulate the flow of reagents from reservoirs to the chamber and/or sample holder.
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The systems can optionally include a control unit that includes one or more electronic
processors, an input interface, an output interface (such as a display), and a storage unit (e.g.,
a solid state storage medium such as, but not limited to, a magnetic, optical, or other solid
state, persistent, writeable and/or re-writeable storage medium). The control unit can
optionally be connected to one or more remote devices via a network. The control unit (and
components thereof) can generally perform any of the steps and functions described herein.
Where the system is connected to a remote device, the remote device (or devices) can
perform any of the steps or features described herein. The systems can optionally include one
or more detectors (e.g., CCD, CMOS) used to capture images. The systems can also
optionally include one or more light sources (e.g., LED-based, diode-based, lasers) for
illuminating a sample, a substrate with features, analytes from a biological sample captured
on a substrate, and various control and calibration media.

The systems can optionally include software instructions encoded and/or implemented
in one or more of tangible storage media and hardware components such as application
specific integrated circuits. The software instructions, when executed by a control unit (and
in particular, an electronic processor) or an integrated circuit, can cause the control unit,
integrated circuit, or other component executing the software instructions to perform any of
the method steps or functions described herein.

In some cases, the systems described herein can detect (e.g., register an image) the
biological sample on the array. Exemplary methods to detect the biological sample on an
array are described in PCT Application No. 2020/061064 and/or U.S. Patent Application
Serial No. 16/951,854.

Prior to transferring analytes from the biological sample to the array of features on the
substrate, the biological sample can be aligned with the array. Alignment of a biological
sample and an array of features including capture probes can facilitate spatial analysis, which
can be used to detect differences in analyte presence and/or level within different positions in
the biological sample, for example, to generate a three-dimensional map of the analyte
presence and/or level. Exemplary methods to generate a two- and/or three-dimensional map
of the analyte presence and/or level are described in PCT Application No. 2020/053655 and
spatial analysis methods are generally described in WO 2020/061108 and/or U.S. Patent
Application Serial No. 16/951,864.

In some cases, a map of analyte presence and/or level can be aligned to an image of a
biological sample using one or more fiducial markers, e.g., objects placed in the field of view

of an imaging system which appear in the image produced, as described in the Substrate
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Attributes Section, Control Slide for Imaging Section of WO 2020/123320, PCT Application
No. 2020/061066, and/or U.S. Patent Application Serial No. 16/951,843. Fiducial markers
can be used as a point of reference or measurement scale for alignment (e.g., to align a
sample and an array, to align two substrates, to determine a location of a sample or array on a
substrate relative to a fiducial marker) and/or for quantitative measurements of sizes and/or

distance.

Determination of Methylation Status in a Nucleic A cid

Disclosed herein are methods and compositions for determining the methylation status
of a biological sample. Methylation status can be determined using methods known in the art
(e.g., deamination of a nucleic acid). The methods disclosed herein combine methylation
status with spatial analysis to determine the location of a methylated nucleic acid (e.g., a
DNA molecule) at a spatial location in a sample. Furthermore, the methods disclosed herein
allow spatial profiling of methylation status of a biological sample placed on a standard
histological substrate, e.g., a standard slide.

In exemplary methods disclosed herein, a biological sample is provided on a first
substrate, which can be any slide (e.g., a glass slide), and a deamination step can be
performed in situ on the glass slide. Probes (e.g., a first probe, a second probe, or a
methylated adaptor) interact with a nucleic acid of the biological sample. The biological
sample is permeabilized and a probe-containing nucleic acid migrates to a second substrate,
which includes an array having a plurality of capture probes. The sequence and location of
the probe-containing nucleic acid can be determined, and based on the sequence, the

methylation status at a particular location can be determined.

Methods for Identifying Methylation Status of an Analyte in a Biological Sample

Provided herein are methods for identifying a methylation status of an analyte in a
biological sample. “Methylation status™ as used herein refers to identifying the presence or
absence of one or more methyl groups in an analyte. In some instances, the one or more
methyl groups is on one or more cytosines. In some instances, the disclosure features a
method for identifying a methylation status of an analyte in a biological sample, the method
comprising: (a) contacting the biological sample with an array comprising a plurality of
capture probes, wherein a capture probe in the plurality of capture probes comprises (i) a
spatial barcode and (ii) a capture domain comprising at least one methylated cytosine; (b)

deaminating the analyte; (¢) contacting the analyte with a plurality of probes comprising a
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first probe and a second probe, wherein the first probe comprises (i) a sequence
complementary to at least a first sequence of the analyte and (ii) a sequence complementary
to the capture domain; and the second probe comprises a sequence complementary to at least
a second sequence of the analyte; (d) ligating the first probe and the second probe, thereby
generating a ligation product; (e) hybridizing the ligation product to the capture probe; (f)
extending the capture probe using the ligation product as a template; thereby generating an
extended capture probe; (g) amplifying the extended capture probe to produce a plurality of
nucleic acids; and (h) determining (i) all or a portion of the sequence of the spatial barcode or
the complement thereof, and (ii) all or a portion of the sequence of the analyte, or a
complement thereof, and using the determined sequences of (i) and (ii) to identify the
methylation status of the analyte in the biological sample.

In another feature, disclosed herein is a method comprising: (a) contacting the
biological sample with an array, wherein the array comprises a plurality of capture probes,
wherein a capture probe in the plurality of capture probes comprises (i) a spatial barcode and
(i1) a capture domain; (b) deaminating the analyte; (c) contacting the analyte with a plurality
of probes, wherein a probe in the plurality of probes comprises (i) a binding moiety that binds
specifically to at least a portion of the analyte and (ii) an overhang sequence; (d) extending
the probe using the analyte as a template, thereby generating an extended probe; (e)
hybridizing the extended probe to the capture probe; (f) extending the capture probe using the
extended probe as a template, thereby generating an extended capture probe; (g) amplifying
the extended capture probe to produce a plurality of nucleic acids; and (h) determining (i) all
or a portion of the sequence of the spatial barcode or the complement thereof, and (ii) all or a
portion of the sequence of the analyte, or a complement thereof, and using the determined
sequences of (i) and (ii) to identify the methylation status of the analyte in the biological
sample.

Also provided herein are methods for identifying a methylation status of an analyte in
a biological sample, the method comprising: (a) contacting the biological sample with an
array, wherein the array comprises a plurality of capture probes, wherein a capture probe in
the plurality of capture probes comprises (i) a spatial barcode and (ii) a capture domain;
wherein the capture domain comprises at least one methylated cytosine; (b) deaminating the
analyte; (c) contacting the analyte with a plurality of probes comprising a first probe and a
second probe, wherein the first probe comprises (i) a first binding moiety that binds
specifically to at least a portion of the analyte and (ii) a first overhang sequence; and the

second probe comprises (i) a second binding moiety that binds specifically to at least a
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portion of the analyte that is adjacent to the portion of the analyte that is bound to the first
binding moiety and (ii) a second overhang sequence; and (d) extending the first probe using
the analyte as a template; (e) ligating the first probe and the second probe, thereby generating
an extended probe; (f) hybridizing the extended probe to the capture probe; (g) extending the
capture probe using the extended probe as a template; thereby generating an extended capture
probe; (h) amplifying the extended capture probe to produce a plurality of nucleic acids; and
(1) determining (i) all or a portion of the sequence of the spatial barcode or the complement
thereof, and (ii) all or a portion of the sequence of the analyte, or a complement thereof, and
using the determined sequences of (i) and (ii) to identify the methylation status of the analyte
in the biological sample. In some embodiments, ligating comprises enzymatic ligation or
chemical ligation. In some embodiments, the enzymatic ligation utilizes a ligase.

Also provided herein are methods for identifying a methylation status of an analyte,
e.g., anucleic acid, in a biological sample. “Methylation status™ as used herein refers to
identifying the presence or absence of one or more methyl groups in an analyte (e.g., on a
cytosine). In some instances, methylation status can be an absolute number of methylated
cytosines or non-methylated cytosines in a nucleic acid. In some instances, methylation status
can be a percentage of cytosines that are either methylated or non-methylated in a nucleic
acid.

In some instances, the disclosure features a method for identifying a methylation
status of a nucleic acid in a biological sample. In some instances, the biological sample is
placed on a substrate that does not include capture probes. In this way, all steps of
deamination are carried out on this substrate. The methods provided herein allows the
deamination steps to be separated from the spatial analysis of the analyte, e.g., nucleic acid.
In an exemplary embodiment, the biological sample is placed on a regular slide, e.g., a glass
slide that does not have capture probes. Because the deamination is separated from the
capturing of molecules on the spatial array, the capture probes of the spatial array is not
affected by the deamination reagents.

In some exemplary methods, provided herein are methods of identifying the
methylation status of a nucleic acid in a biological sample on a first substrate. In some
instances, the methods include (a) deaminating the nucleic acid; (b) hybridizing a first probe
and a second probe to the nucleic acid, wherein: the first probe comprises (i) a sequence
complementary to at least a first sequence of the nucleic acid and (ii) a sequence
complementary to a capture domain of a capture probe on an array; and the second probe

comprises a sequence complementary to at least a second sequence of the nucleic acid; (c)
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ligating the first probe and the second probe to generate a ligation product; (d) aligning the
first substrate with the second substrate comprising the array, such that at least a portion of
the biological sample is aligned with at least a portion of the array, wherein the array
comprises a plurality of capture probes, wherein a capture probe of the plurality of capture
probes comprises: (i) a spatial barcode and (i) the capture domain; (e) when the biological
sample is aligned with at least a portion of the array, (i) releasing the ligation product from
the analyte and (i1) migrating the ligation product from the biological sample to the array; and
(f) capturing the ligation product with the capture domain.

In other exemplary methods, provided herein are methods of identifying a methylation
status of a nucleic acid in a biological sample on a first substrate. In some instances, the
methods include (a) ligating a methylated adaptor to a nucleic acid, generating an adapted
(e.g., tagmented) nucleic acid fragment; (b) deaminating the adapted (e.g., tagmented) nucleic
acid fragment; (c) aligning the first substrate with a second substrate comprising an array,
such that at least a portion of the biological sample is aligned with at least a portion of the
array, wherein the array comprises a plurality of capture probes, wherein a capture probe of
the plurality of capture probes comprises: (i) a spatial barcode and (ii) a capture domain; (d)
when the biological sample is aligned with at least a portion of the array, migrating the
adapted (e.g., tagmented) nucleic acid fragment from the biological sample to the array; and

(e) capturing the adapted (e.g., tagmented) nucleic acid fragment with the capture domain.

Preparation of the Biological Sample

Biological Samples and Analytes

The biological sample as used herein can be any suitable biological sample described
herein or known in the art. In some embodiments, the biological sample is a tissue. In some
embodiments, the biological sample is a tissue section. In some embodiments, the tissue is
flash-frozen and sectioned. Any suitable methods described herein or known in the art can be
used to flash-freeze and section the tissue sample. In some embodiments, the biological
sample, e.g., the tissue, is flash-frozen using liquid nitrogen before sectioning. In some
embodiments, the sectioning is performed using cryosectioning. In some embodiments, the
methods further comprises a thawing step, after the cryosectioning. In some embodiments,
the biological sample, e.g., the tissue sample is fixed, for example in methanol, acetone, PFA
or is formalin-fixed and paraffin-embedded (FFPE).

The biological sample, e.g., tissue sample, can be stained, and imaged prior, during,
and/or after each step of the methods described herein. Any of the methods described herein
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or known in the art can be used to stain and/or image the biological sample. In some
embodiments, the imaging occurs prior to deaminating the sample. In some embodiments, the
biological sample is stained using an H&E staining method. In some embodiments, the tissue
sample is stained and imaged for about 10 minutes to about 2 hours (or any of the subranges
of this range described herein). Additional time may be needed for staining and imaging of
different types of biological samples.

The tissue sample can be obtained from any suitable location in a tissue or organ of a
subject, e.g., a human subject. In some embodiments, the tissue sample is obtained from a
location where the DNA is differentially methylated compared to a reference location. The
location where the DNA is differentially methylated can be, for example, a diseased cell,
tissue or organ, an infected cell, tissue or organ, a damaged cell, tissue or organ, a cancerous
cell, tissue or organ (e.g., a tumor cell, tissue, or organ), or a differentiating cell, tissue, or
organ (e.g., a stem cell or a tissue or organ that comprises one or more stem cells). In some
embodiments, the location wherein the DNA is differentially methylated is a cell, tissue, or
organ that has been administered one or more drug(s), e.g., therapeutic drugs. Other locations
that include differentially methylated DNA are known in the art.

In some embodiments, the biological sample is a tumor cell, tissue, or organ. Non-
limiting examples of cancers referred to in any one the methods described herein include:
sarcomas, carcinomas, adrenocortical carcinoma, AIDS-related cancers, anal cancer,
appendix cancer, astrocytomas, atypical teratoid/rhabdoid tumor, basal cell carcinoma,
bladder cancer, brain stem glioma, brain tumors (including brain stem glioma, central
nervous system atypical teratoid/thabdoid tumor, central nervous system embryonal tumors,
astrocytomas, craniopharyngioma, ependymoblastoma, ependymoma, medulloblastoma,
medulloepithelioma, pineal parenchymal tumors of intermediate differentiation,
supratentorial primitive neuroectodermal tumors, and pineoblastoma), breast cancer,
bronchial tumors, cancer of unknown primary site, carcinoid tumor, carcinoma of unknown
primary site, central nervous system atypical teratoid/rhabdoid tumor, central nervous system
embryonal tumors, cervical cancer, childhood cancers, chordoma, colon cancer, colorectal
cancer, craniopharyngioma, endocrine pancreas islet cell tumors, endometrial cancer,
ependymoblastoma, ependymoma, esophageal cancer, esthesioneuroblastoma, Ewing
sarcoma, extracranial germ cell tumor, extragonadal germ cell tumor, extrahepatic bile duct
cancer, gallbladder cancer, gastric (stomach) cancer, gastrointestinal carcinoid tumor,
gastrointestinal stromal cell tumor, gastrointestinal stromal tumor (GIST), gestational

trophoblastic tumor, glioma, head and neck cancer, heart cancer, hypopharyngeal cancer,
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intraocular melanoma, islet cell tumors, Kaposi’s sarcoma, kidney cancer, Langerhans cell
histiocytosis, laryngeal cancer, lip cancer, liver cancer, lung cancer, malignant fibrous
histiocytoma bone cancer, medulloblastoma, medulloepithelioma, melanoma, Merkel cell
carcinoma, Merkel cell skin carcinoma, mesothelioma, metastatic squamous neck cancer with
occult primary, mouth cancer, multiple endocrine neoplasia syndromes, multiple myeloma,
multiple myeloma/plasma cell neoplasm, mycosis fungoides, myelodysplastic syndromes,
myeloproliferative neoplasms, nasal cavity cancer, nasopharyngeal cancer, neuroblastoma,
non-melanoma skin cancer, non-small cell lung cancer, oral cancer, oral cavity cancer,
oropharyngeal cancer, osteosarcoma, other brain and spinal cord tumors, ovarian cancer,
ovarian epithelial cancer, ovarian germ cell tumor, ovarian low malignant potential tumor,
pancreatic cancer, papillomatosis, paranasal sinus cancer, parathyroid cancer, pelvic cancer,
penile cancer, pharyngeal cancer, pineal parenchymal tumors of intermediate differentiation,
pineoblastoma, pituitary tumor, pleuropulmonary blastoma, primary hepatocellular liver
cancer, prostate cancer, rectal cancer, renal cancer, renal cell (kidney) cancer, renal cell
cancer, respiratory tract cancer, retinoblastoma, thabdomyosarcoma, salivary gland cancer,
Sezary syndrome, small cell lung cancer, small intestine cancer, soft tissue sarcoma,
squamous cell carcinoma, squamous neck cancer, stomach (gastric) cancer, supratentorial
primitive neuroectodermal tumors, testicular cancer, throat cancer, thymic carcinoma,
thymoma, thyroid cancer, transitional cell cancer, transitional cell cancer of the renal pelvis
and ureter, trophoblastic tumor, ureter cancer, urethral cancer, uterine cancer, uterine
sarcoma, vaginal cancer, vulvar cancer, Waldenstrom macroglobulinemia, and Wilm’s tumor.

In some embodiments, the biological sample is a cancer sample. In some
embodiments, the cancer can be treated using an epigenetic therapy (e.g., a hypomethylating
agent).

In some embodiments, the cancer is a non-small-cell lung cancer (NSCLC), a
microsatellite-stable colorectal cancer (CRC), a head and neck cancer, a head and neck
squamous cell carcinoma (HNSCC), a melanoma, an acute myeloid leukemia (AML), a
myelodysplastic syndromes (MDS), a pancreatic ductal adenocarcinoma (PDAC), an ovarian
cancer, a primary peritoneal or fallopian tube cancer, a peripheral T-Cell lymphoma (PTCL),
an ovarian cancer type I or oestrogen receptor-positive and HER2-negative breast cancer, a
diffuse large B-cell lymphoma (DLBCL), a central nervous system (CNS) solid tumor, a lung
cancer, a renal cancer, a hepatocellular carcinoma, a pancreatic adenocarcinoma, a

cholangiocarcinoma, or a chronic myelomonocytic leukemia (CMML).
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Methylation of key markers are used for cancer diagnosis. These key markers are
described, e.g., in Locke WJ et al., DNA Methylation Cancer Biomarkers: Translation to the
Clinic. Front. Genet. 10:1150, 2019; Nassiri, F. et al., Detection and discrimination of
intracranial tumors using plasma cell-free DNA methylomes. Nar Med 26, 1044-1047, 2020;
and Nuzzo, P.V. et al., Detection of renal cell carcinoma using plasma and urine cell-free
DNA methylomes. Nat Med 26, 1041-1043 (2020), the entire contents of which are
incorporated herein by reference.

Suitable agents such as hypomethylating agents can be used as epigenetic therapies
for the treatment of cancer. 5-Azacitidine (5-Aza), 5-aza-2'-deoxycytidine (decitabine) and
SGI-110 (guadecitabine) are analogues of the nucleoside cytidine that irreversibly sequester
DNMT proteins to DNA, leading to global DNA hypomethylation.

In some embodiments, the cancer sample is from a subject treated with a cancer
therapy. In some embodiments, the cancer therapy is therapy with nucleoside cytidine
analogue. In some embodiments, the cancer therapy is a therapy with 5-Azacitidine (5-Aza),
5-aza-2'-deoxycytidine (decitabine), or SGI-110 (guadecitabine).

The analyte can be any suitable analyte described herein. In some embodiments, the
analyte is a nucleic acid. In some embodiments, the analyte is a DNA. In some embodiments,
the analyte is a genomic DNA. In some embodiments, the analyte is a non-genomic DNA. In
some embodiments, the DNA is within a coding region of a gene. In some embodiments, the
DNA is within a promoter region of a gene. In some embodiments, the DNA is outside of the
coding region of a gene. In some embodiments, the DNA spans a coding region and a non-
coding region of a gene. In some embodiments, the DNA spans the coding region and/or the
non-coding region of more than one genes.

In some embodiments, the DNA is a methylated DNA, e.g., a DNA comprising one or
more methylated cytosines. In some embodiments, the DNA is an unmethylated DNA  e.g., a
DNA that does not comprise any methylated cytosine. In some embodiments, the DNA is a
DNA that is differentially methylated in a location compared to a reference location.

The size of the analyte, e.g., DNA, can be any suitable size of a nucleic acid molecule
in a biological sample. In some embodiments, the size of the target nucleic acid is about 50
nucleotides to about 100,000 nucleotides (e.g., about 50 nucleotides to about 200 nucleotides,
about 200 nucleotides to about 500 nucleotides, about 500 nucleotides to about 1,000
nucleotides, about 1,000 nucleotides to about 2,000 nucleotides, about 2,000 nucleotides to
about 4,000 nucleotides, about 4,000 nucleotides to about 6,000 nucleotides, about 6,000

nucleotides to about 8,000 nucleotides, about 8,000 nucleotides to about 10,000 nucleotides,
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about 10,000 nucleotides to about 20,000 nucleotides, about 20,000 nucleotides to about
30,000 nucleotides, about 30,000 nucleotides to about 40,000 nucleotides, about 40,000
nucleotides to about 50,000 nucleotides, about 50,000 nucleotides to about 60,000
nucleotides, about 60,000 nucleotides to about 70,000 nucleotides, about 70,000 nucleotides
to about 80,000 nucleotides, about 80,000 nucleotides to about 90,000 nucleotides, or about
90,000 nucleotides to about 100,000 nucleotides).

In some embodiments, the DNA includes at least a portion of a tumor biomarker gene.
In some embodiments, the tumor biomarker is a tumor antigen. Exemplary tumor antigens
include, but are not limited to, melanoma-associated antigen (MAGE) series of antigens (e.g.,
MAGE-C1 (cancer/testis antigen CT7), MAGE-B1 antigen (MAGE-XP antigen, DAM10),
MAGE-B2 antigen (DAM6), MAGE-2 antigen, MAGE-4a antigen, and MAGE-4b antigen),
tyrosinase, glycoprotein 100 (gp100), disialoganglioside GD-2, disialoganglioside O-
acetylated GD-3, ganglioside GM-2, epidermal growth factor receptor (EGFR), vascular
endothelial growth factor receptor (VEGFR), mutant B-Raf antigen associated with
melanoma and colon cancer, human epidermal growth factor receptor-2 (HER-2/neu) antigen,
melanoma-associated antigen recognized by T cells (MART-1) (e.g., MART-1 26-35 peptide
or MART-1 27-35 peptide), protein kinase C-binding protein, reverse transcriptase protein,
A-kinase-anchoring protein (AK AP protein), vaccinia-related kinase Serine/Threonine
Kinase 1(VRK1), fucosyltransferase (T6-7), zinc finger protein 258 (T11-6), p53-binding
protein (T1-52), T5-15 (KIAA1735), T5-13 (Sosl), T11-5 (hypothetical protein MGC4170),
T11-9 (hypothetical protein AF225417), T11-3 (trap ankyrin repeat), T7-1 (KIAA1288), a
mutant or wild type RAS peptide, Homo sapiens telomerase ferment (hTRT), cytokeratin-19
(CYFRA21-1), squamous cell carcinoma antigen 1 (SCCA-1), protein T4-A, squamous cell
carcinoma antigen 2 (SCCA-2), ovarian carcinoma antigen CA125 (1A1-3B) (KIAA0049),
cell surface-associated MUCIN 1 (e.g., tumor-associated MUCIN, carcinoma-associated
MUCIN, polymorphic epithelial MUCIN peanut-reactive urinary MUCIN, polymorphic
epithelial mucin (PEM), PEMT, episialin, tumor-associated epithelial membrane antigen,
epithelial membrane antigen (EMA), H23 antigen (H23AG), PUM, and breast carcinoma-
associated antigen DF3), CTCL tumor antigen sel-1, CTCL tumor antigen sel4-3, CTCL
tumor antigen se20-4, CTCL tumor antigen se20-9, CTCL tumor antigen se33-1, CTCL
tumor antigen se37-2, CTCL tumor antigen se57-1, CTCL tumor antigen se89-1, prostate-
specific membrane antigen, 5T4 oncofetal trophoblast glycoprotein, Orf73 Kaposi’s sarcoma-
associated herpesvirus, colon cancer antigen NY-CO-45, lung cancer antigen NY-LU-12

variant A, cancer associated surface antigen, adenocarcinoma antigen ART1, paraneoplastic
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associated brain-testis-cancer antigen (onconeuronal antigen MA2; paraneoplastic neuronal
antigen), neuro-oncological ventral antigen 2 (NOV A2), hepatocellular carcinoma antigen
gene 520, tumor-associated antigen CO-029, tumor-associated antigen MAGE-X2, synovial
sarcoma antigen, X breakpoint 2, squamous cell carcinoma antigen recognized by T cell,
serologically defined colon cancer antigen 1, serologically defined breast cancer antigen NY-
BR-15, serologically defined breast cancer antigen NY-BR-16, chromogranin A, parathyroid
secretory protein 1, pancreatic cancer-associated antigen (DUPAN-2), carbohydrate antigen
CA 19-9, carbohydrate antigen CA 72-4, carbohydrate antigen CA 195, and
carcinoembryonic antigen (CEA).

In some embodiments, the tumor antigen is BRCA1, CDKN2A (p16™&42) CDKN2B
(p15™K4) GSTP1, MGMT, RASSF1A, or SFRP2.

Exemplary First and Second Substrates

In some instances, the biological sample is placed (e.g., mounted or otherwise
immobilized) on a first substrate. The first substrate can be any solid or semi-solid support
upon which a biological sample can be mounted. In some instances, the first substrate is a
slide. In some instances, the slide is a glass slide. In some embodiments, the substrate is made
of glass, silicon, paper, hydrogel, polymer monoliths, or other material known in the art. In
some embodiments, the first substrate is comprised of an inert material or matrix (e.g., glass
slides) that has been functionalized by, for example, treating the substrate with a material
comprising reactive groups which facilitate mounting of the biological sample.

In some embodiments, the first substrate does not comprise a plurality (e.g., array) of
capture probes, each comprising a spatial barcode.

A substrate, e.g., a first substrate and/or a second substrate, can generally have any
suitable form or format. For example, a substrate can be flat, curved, e.g., convexly or
concavely curved. For example, a first substrate can be curved towards the area where the
interaction between a biological sample, e.g., tissue sample, and a first substrate takes place.
In some embodiments, a substrate is flat, e.g., planar, chip, or slide. A substrate can contain
one or more patterned surfaces within the first substrate (e.g., channels, wells, projections,
ridges, divots, etc.).

A substrate, e.g., a first substrate and/or second substrate, can be of any desired shape.
For example, a substrate can be typically a thin, flat shape (e.g., a square or a rectangle). In
some embodiments, a substrate structure has rounded corners (e.g., for increased safety or

robustness). In some embodiments, a substrate structure has one or more cut-off corners (e.g.,
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for use with a slide clamp or cross-table). In some embodiments wherein a substrate structure
is flat, the substrate structure can be any appropriate type of support having a flat surface
(e.g., achip or a slide such as a microscope slide).

First and/or second substrates can optionally include various structures such as, but
not limited to, projections, ridges, and channels. A substrate can be micropatterned to limit
lateral diffusion of analytes (e.g., to improve resolution of the spatial analysis). A substrate
modified with such structures can be modified to allow association of analytes, features (e.g.,
beads), or probes at individual sites. For example, the sites where a substrate is modified with
various structures can be contiguous or non-contiguous with other sites.

In some embodiments, the surface of a first and/or second substrate is modified to
contain one or more wells, using techniques such as (but not limited to) stamping,
microetching, or molding techniques. In some embodiments in which a first and/or second
substrate includes one or more wells, the first substrate can be a concavity slide or cavity
slide. For example, wells can be formed by one or more shallow depressions on the surface of
the first and/or second substrate. In some embodiments, where a first and/or second substrate
includes one or more wells, the wells can be formed by attaching a cassette (e.g., a cassette
containing one or more chambers) to a surface of the first substrate structure.

In some embodiments where the first and/or second substrate is modified to contain
one or more structures, including but not limited to, wells, projections, ridges, features, or
markings, the structures can include physically altered sites. For example, a first and/or
second substrate modified with various structures can include physical properties, including,
but not limited to, physical configurations, magnetic or compressive forces, chemically
functionalized sites, chemically altered sites, and/or electrostatically altered sites. In some
embodiments where the first substrate is modified to contain various structures, including but
not limited to wells, projections, ridges, features, or markings, the structures are applied in a
pattern. Alternatively, the structures can be randomly distributed.

In some embodiments, a first substrate includes one or more markings on its surface,
e.g., to provide guidance for aligning at least a portion of the biological sample with a
plurality of capture probes on the second substrate during a sandwich type process disclosed
herein. For example, the first substrate can include a sample area indicator identifying the
sample area. In some embodiments, the sample area indicator on the first substrate is aligned
with an area of the second substrate comprising a plurality of capture probes. In some
embodiments, the first and/or second substrate can include a fiducial mark. In some

embodiments, the first and/or second substrate does not comprise a fiducial mark. In some
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embodiments, the first substrate does not comprise a fiducial mark and the second substrate
comprises a fiducial mark. Such markings can be made using techniques including, but not
limited to, printing, sand-blasting, and depositing on the surface.

In some embodiments, imaging can be performed using one or more fiducial markers,
i.e., objects placed in the field of view of an imaging system which appear in the image
produced. Fiducial markers are typically used as a point of reference or measurement scale.
Fiducial markers can include, but are not limited to, detectable labels such as fluorescent,
radioactive, chemiluminescent, and colorimetric labels. The use of fiducial markers to
stabilize and orient biological samples is described, for example, in Carter et al., Applied
Optics 46:421-427, 2007), the entire contents of which are incorporated herein by reference.
In some embodiments, a fiducial marker can be a physical particle (e.g., a nanoparticle, a
microsphere, a nanosphere, a bead, a post, or any of the other exemplary physical particles
described herein or known in the art).

In some embodiments, a fiducial marker can be present on a first substrate to provide
orientation of the biological sample. In some embodiments, a microsphere can be coupled to
a first substrate to aid in orientation of the biological sample. In some examples, a
microsphere coupled to a first substrate can produce an optical signal (e.g., fluorescence). In
some embodiments, a quantum dot can be coupled to the first substrate to aid in the
orientation of the biological sample. In some examples, a quantum dot coupled to a first
substrate can produce an optical signal.

In some embodiments, a fiducial marker can be an immobilized molecule with which
a detectable signal molecule can interact to generate a signal. For example, a marker nucleic
acid can be linked or coupled to a chemical moiety capable of fluorescing when subjected to
light of a specific wavelength (or range of wavelengths). Although not required, it can be
advantageous to use a marker that can be detected using the same conditions (e.g., imaging
conditions) used to detect a labelled cDNA.

In some embodiments, a fiducial marker can be randomly placed in the field of view.
For example, an oligonucleotide containing a fluorophore can be randomly printed, stamped,
synthesized, or attached to a first substrate (e.g., a glass slide) at a random position on the
first substrate. A tissue section can be contacted with the first substrate such that the
oligonucleotide containing the fluorophore contacts, or is in proximity to, a cell from the
tissue section or a component of the cell (e.g., an mRNA or DNA molecule). An image of the
first substrate and the tissue section can be obtained, and the position of the fluorophore

within the tissue section image can be determined (e.g., by reviewing an optical image of the
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tissue section overlaid with the fluorophore detection). In some embodiments, fiducial
markers can be precisely placed in the field of view (e.g., at known locations on a first
substrate). In this instance, a fiducial marker can be stamped, attached, or synthesized on the
first substrate and contacted with a biological sample. Typically, an image of the sample and
the fiducial marker is taken, and the position of the fiducial marker on the first substrate can
be confirmed by viewing the image.

In some embodiments, a fiducial marker can be an immobilized molecule (e.g., a
physical particle) attached to the first substrate. For example, a fiducial marker can be a
nanoparticle, e.g., a nanorod, a nanowire, a nanocube, a nanopyramid, or a spherical
nanoparticle. In some examples, the nanoparticle can be made of a heavy metal (e.g., gold).

A wide variety of different first substrates can be used for the foregoing purposes. In
general, a first substrate can be any suitable support material. Exemplary first substrates
include, but are not limited to, glass, modified and/or functionalized glass, hydrogels, films,
membranes, plastics (including e.g., acrylics, polystyrene, copolymers of styrene and other
materials, polypropylene, polyethylene, polybutylene, polyurethanes, TeflonTM, cyclic
olefins, polyimides etc.), nylon, ceramics, resins, Zeonor, silica or silica-based materials
including silicon and modified silicon, carbon, metals, inorganic glasses, optical fiber
bundles, and polymers, such as polystyrene, cyclic olefin copolymers (COCs), cyclic olefin
polymers (COPs), polypropylene, polyethylene polycarbonate, or combinations thereof.

Among the examples of first substrate materials discussed above, polystyrene is a
hydrophobic material suitable for binding negatively charged macromolecules because it
normally contains few hydrophilic groups. For nucleic acids immobilized on glass slides, by
increasing the hydrophobicity of the glass surface the nucleic acid immobilization can be
increased. Such an enhancement can permit a relatively more densely packed formation (e.g.,
provide improved specificity and resolution).

In another example, a first substrate can be a flow cell. Flow cells can be formed of
any of the foregoing materials, and can include channels that permit reagents, solvents,
features, and analytes to pass through the flow cell. In some embodiments, a hydrogel
embedded biological sample is assembled in a flow cell (e.g., the flow cell is utilized to
introduce the hydrogel to the biological sample). In some embodiments, a hydrogel
embedded biological sample is not assembled in a flow cell. In some embodiments, the
hydrogel embedded biological sample can then be prepared and/or isometrically expanded as

described herein.
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Exemplary substrates similar to the first substrate (e.g., a substrate having no capture
probes) and/or the second substrate are described in WO 2020/123320, which is hereby

incorporated by reference in its entirety.

Staining and Imaging the Biological Sample

After placement of the biological sample onto the first substrate, biological samples
can be stained using a wide variety of stains and staining techniques. In some embodiments, a
sample can be stained using any number of biological stains, including but not limited to,
acridine orange, Bismarck brown, carmine, coomassie blue, cresyl violet, DAPI, eosin,
ethidium bromide, acid fuchsine, hematoxylin, Hoechst stains, iodine, methyl green,
methylene blue, neutral red, Nile blue, Nile red, osmium tetroxide, propidium iodide,
thodamine, or safranin. In some instances, the methods disclosed herein include imaging the
biological sample. In some instances, imaging the sample occurs prior to deaminating the
biological sample.

The sample can be stained using known staining techniques, including Can-Grunwald,
Giemsa, hematoxylin and eosin (H&E), Jenner’s, Leishman, Masson’s trichrome,
Papanicolaou, Romanowsky, silver, Sudan, Wright’s, and/or Periodic Acid Schiff (PAS)
staining techniques. PAS staining is typically performed after formalin or acetone fixation. In
some instances, the stain is an H&E stain.

In some embodiments, the biological sample can be stained using a detectable label
(e.g., radioisotopes, fluorophores, chemiluminescent compounds, bioluminescent compounds,
and dyes) as described elsewhere herein. In some embodiments, a biological sample is
stained using only one type of stain or one technique. In some embodiments, staining
includes biological staining techniques such as H&E staining. In some embodiments, staining
includes identifying analytes using fluorescently-conjugated antibodies. In some
embodiments, a biological sample is stained using two or more different types of stains, or
two or more different staining techniques. For example, a biological sample can be prepared
by staining and imaging using one technique (e.g., H&E staining and brightfield imaging),
followed by staining and imaging using another technique (e.g., IHC/IF staining and
fluorescence microscopy) for the same biological sample.

In some embodiments, biological samples can be destained. Methods of destaining or
discoloring a biological sample are known in the art, and generally depend on the nature of
the stain(s) applied to the sample. For example, H&E staining can be destained by washing

the sample in HCI, or any other acid (e.g., selenic acid, sulfuric acid, hydroiodic acid, benzoic
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acid, carbonic acid, malic acid, phosphoric acid, oxalic acid, succinic acid, salicylic acid,
tartaric acid, sulfurous acid, trichloroacetic acid, hydrobromic acid, hydrochloric acid, nitric
acid, orthophosphoric acid, arsenic acid, selenous acid, chromic acid, citric acid, hydrofluoric
acid, nitrous acid, isocyanic acid, formic acid, hydrogen selenide, molybdic acid, lactic acid,
acetic acid, carbonic acid, hydrogen sulfide, or combinations thereof). In some embodiments,
destaining can include 1, 2, 3, 4, 5, or more washes in an acid (e.g., HCI). In some
embodiments, destaining can include adding HCI to a downstream solution (e.g.,
permeabilization solution). In some embodiments, destaining can include dissolving an
enzyme used in the disclosed methods (e.g., pepsin) in an acid (e.g., HCI) solution. In some
embodiments, after destaining hematoxylin with an acid, other reagents can be added to the
destaining solution to raise the pH for use in other applications. For example, SDS can be
added to an acid destaining solution in order to raise the pH as compared to the acid
destaining solution alone. As another example, in some embodiments, one or more
immunofluorescence stains are applied to the sample via antibody coupling. Such stains can
be removed using techniques such as cleavage of disulfide linkages via treatment with a
reducing agent and detergent washing, chaotropic salt treatment, treatment with antigen
retrieval solution, and treatment with an acidic glycine buffer. Methods for multiplexed
staining and destaining are described, for example, in Bolognesi et al., J. Histochem.
Cytochem. 2017; 65(8): 431-444, Lin et al., Nat Commun. 2015; 6:8390, Pirici et al., J.
Histochem. Cytochem. 2009; 57:567-75, and Glass et al., J. Histochem. Cytochem. 2009;
57:899-905, the entire contents of each of which are incorporated herein by reference.

In some embodiments, immunofluorescence or immunohistochemistry protocols
(direct and indirect staining techniques) can be performed as a part of, or in addition to, the
exemplary spatial workflows presented herein. For example, tissue sections can be fixed
according to methods described herein. The biological sample can be transferred to an array
(e.g., capture probe array), wherein analytes (e.g., proteins) are probed using
immunofluorescence protocols. For example, the sample can be rehydrated, blocked, and
permeabilized (3XSSC, 2% BSA, 0.1% Triton X, 1 U/ul RNAse inhibitor for 10 min at 4°C)
before being stained with fluorescent primary antibodies (1:100 in 3XSSC, 2% BSA, 0.1%
Triton X, 1 U/ul RN Ase inhibitor for 30 min at 4°C). The biological sample can be washed,
coverslipped (in glycerol + 1 U/ul RNAse inhibitor), imaged (e.g., using a confocal
microscope or other apparatus capable of fluorescent detection), washed, and processed

according to analyte capture or spatial workflows described herein.
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As used herein, an antigen retrieval buffer can improve antibody capture in IF/IHC
protocols. An exemplary protocol for antigen retrieval can be preheating the antigen retrieval
buffer (e.g., to 95°C), immersing the biological sample in the heated antigen retrieval buffer
for a predetermined time, and then removing the biological sample from the antigen retrieval
buffer and washing the biological sample.

In some embodiments, optimizing permeabilization can be useful for identifying
intracellular analytes. Permeabilization optimization can include selection of
permeabilization agents, concentration of permeabilization agents, and permeabilization
duration. Tissue permeabilization is discussed elsewhere herein.

In some embodiments, blocking an array and/or a biological sample in preparation of
labeling the biological sample decreases unspecific binding of the antibodies to the array
and/or biological sample (decreases background). Some embodiments provide for blocking
buffers/blocking solutions that can be applied before and/or during application of the label,
wherein the blocking buffer can include a blocking agent, and optionally a surfactant and/or a
salt solution. In some embodiments, a blocking agent can be bovine serum albumin (BSA),
serum, gelatin (e.g., fish gelatin), milk (e.g., non-fat dry milk), casein, polyethylene glycol
(PEQG), polyvinyl alcohol (PV A), or polyvinylpyrrolidone (PVP), biotin blocking reagent, a
peroxidase blocking reagent, levamisole, Carnoy’s solution, glycine, lysine, sodium
borohydride, pontamine sky blue, Sudan Black, trypan blue, FITC blocking agent, and/or
acetic acid. The blocking buffer/blocking solution can be applied to the array and/or
biological sample prior to and/or during labeling (e.g., application of fluorophore-conjugated

antibodies) to the biological sample.

Deamination of Nucleic Acids in the Biological Sample

In some embodiments, the methods described herein include deaminating the analyte.
In some embodiments, either before or after deamination, the methods described herein
include a step of permeabilizing the biological sample. In some instances, the
permeabilization step occurs prior to deaminating the analyte in the sample. In some
instances, permeabilizing includes contacting the biological sample with a permeabilization
reagent. Any suitable permeabilization reagent described herein can be used. In some
embodiments, the permeabilization reagent is an endopeptidase. Endopeptidases that can be
used include but are not limited to trypsin, chymotrypsin, elastase, thermolysin, pepsin,

clostripan, glutamyl endopeptidase (GluC), ArgC, peptidyl-asp endopeptidase (ApsN),
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endopeptidase LysC and endopeptidase LysN. In some embodiments, the endopeptidase is
pepsin.

In some embodiments, the deaminating of the analyte is achieved by contacting the
analyte with one or more enzymatic or chemical deaminating agent(s). In some instances, the
deaminating agent fragments the analyte (e.g., DNA). Any suitable deaminating agents can
be used in the methods described herein. In some embodiments, the analyte, e.g., DNA, is
denatured into a single-stranded molecule prior to the treatment of the deaminating agent(s).
In some embodiments, the deaminating step includes contacting the sample with a
composition comprising bisulfite. In some embodiments, the bisulfite is sodium bisulfite.

In some instances, the deaminating step is performed prior to the hybridization of one
or more probes to the analytes (e.g., nucleic acid molecules) and the capture of the ligated
(e.g., ligation) probes on a spatial array. For example, the biological sample is placed on a
regular slide (different from a spatial array) without capture probes, and the nucleic acid
molecules in the biological sample are deaminated as described herein.

In some embodiments, the deaminating comprises treating the sample enzymatically.
In some embodiments, the sample is treated with a deaminase. Any suitable enzymes known
in the art can be used in the methods described herein. In some embodiments, the enzyme is a
eukaryotic DNA methyltransferases (CG). In some embodiments, the enzyme is a prokaryotic
DNA(cytosine-5)methyltransferase. In some embodiments, the enzyme is apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like (APOBEC, cytidine deaminase). In some
embodiments, the enzyme is an enzyme of the ten—eleven translocation (TET) family
demethylase.

In some embodiments, unmethylated cytosines, if present in the analyte in the sample,
are deaminated into uracils. After the binding of the probe with the deaminated analyte, the
probe is extended wherein each uracil, if present in the analyte, is base-paired with an
adenine. In some embodiments, the extended probe comprises an adenine in each position
corresponding to the unmethylated cytosines in the analyte in the sample. In some
embodiments, all of the unmethylated cytosines in the analyte are converted to uracils by the
deaminating step. In some instances, cytosines that are methylated are not converted to uracil.
Instead, methylated cytosines remain as cytosines.

In some instances, prior to addition of the probes described in the next section, the
sample is treated with a permeabilization agent. In some instances, the permeabilization agent
is a diluted permeabilization agent. In some instances, the diluted permeabilization agent

includes, but is not limited to, organic solvents (e.g., acetone, ethanol, and methanol), cross-

41



10

15

20

25

30

WO 2021/263111 PCT/US2021/039103

linking agents (e.g., paraformaldehyde), detergents (e.g., saponin, Triton X-100™, Tween-
20™ or sodium dodecyl sulfate (SDS)), and enzymes (e.g., trypsin, proteases (e.g.,
proteinase K). In some embodiments, the detergent is an anionic detergent (e.g., SDS or N-
lauroylsarcosine sodium salt solution). Exemplary permeabilization reagents are described in
in PCT Patent Application Publication No. WO 2020/123320, which is incorporated by
reference in its entirety. In some instances, dilution of the permeabilization agent is by about
10-fold, about 50-fold, about 100-fold, about 200-fold, about 300-fold, about 400-fold, about
500-fold, or higher.

In some embodiments, the method further comprises washing the biological sample.
In some instances, a wash step occurs between the deamination step and the step where the
probes are added. In some embodiments, the washing step is conducted to remove all or a
part of the deaminating agent. In some embodiments, the washing step does not remove the
analyte in the biological sample. In some embodiments, the washing step removes an
insignificant amount of the analyte in the biological sample. In some instances, a wash step
occurs after hybridizing the oligonucleotides. In some instances, this wash step removes any
unbound oligonucleotides and can be performed using any technique or solution disclosed
herein or known in the art. In some embodiments, multiple wash steps are performed to

remove unbound oligonucleotides.

Addition of Probes to Biological Sample

Addition of First and Second Probes

After deamination, in some instances, one or more probes are added to the biological
sample. In some instances, the one or more probes (e.g., a first probe; a second probe) is at
least 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52,
53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77,
78,79, 80, 81, 82, 83, 84. 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99. 100, at
least about 105, at least about 110, at least about 115, at least about 120, at least about 125, at
least about 135, at least about 140, or more nucleotides in length. In some embodiments, the
probe includes sequences that are complementary or substantially complementary to an
analyte, e.g., anucleic acid. By substantially complementary, it is meant that the probe is at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 91%, at least 92%, at
least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
100% complementary to a sequence in an analyte. In some instances, the first probe and the

second probe hybridize to adjacent sequences on an analyte.
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In some instances, the probes hybridize to a sequence that is from 5 to 140 nucleotides
in length (e.g., is about 5, 6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
25,26, 27,28, 29,30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74,
75,76, 77,78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99.
100, 101, 102, 103, 104, 105, 106, 107, 108. 109. 110, 111, 112, 113, 114, 115, 116, 117,
118, 119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130, 131, 132, 133, 134, 135,
136, 137, 138, 139, or 140 nucleotides in length). In some instances, the probes hybridize to
a sequence that is from 15 to 120 nucleotides in length.

In some instances, the probes are DNA probes. In some instances, a first probe
includes at least two ribonucleic acid bases at the 3° end and a second probe includes a
phosphorylated nucleotide at the 5* end.

Probes (e.g., a first probe and a second probe) can be designed using methods known
in the art. In addition, probes can be designed so that (1) one or both probes hybridize
directly to a potential region of methylation or (2) the probes flank a potential region of
methylation.

In some instances, the probes used herein are designed to hybridize to sequences that
are mutated (e.g., from cytosine to thymine) as a result of the deamination step (i.e.,
deaminated nucleic acid). In some instances, the probes used herein are designed to hybridize
to sequences that are not mutated (e.g., cytosines that are methylated are not mutated during
the deamination step) as a result of the deamination step. In some instances, the probes used
herein are designed to hybridize to sequences that include at least one nucleotide that is
mutated as a result of the deamination step. In some instances, the probes used herein are
designed to hybridize to sequences that include more than one (e.g., 2, 3, 4, 5, or more)
nucleotide that is mutated as a result of the deamination step.

In some instances, probes are designed to flank (i.e., surround) sequences that are
sites of methylation investigation. In some instances, the sequence between the two regions
of an analyte where the probes hybridize (i.e., the intervening sequence) include one or more
nucleotides that is mutated (e.g., from cytosine to thymine) during the deamination step. In
some instances, the intervening sequence includes at least 2, 3, 4, 5,6, 7, 8,9, 10, or more
nucleotides that have been mutated during the deamination step described herein. For
example, in some instances, a first probe can be designed to hybridize to a site 5° to a site of
methylation investigation, and a second probe can be designed to hybridize to asite 5" to a

site of methylation investigation (or vice versa). One hybridized, the sequence in between the
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two sites of hybridization can be determined, providing insight on whether a particular
nucleotide (e.g., a cytosine) has been methylated. In some instances, the probes hybridize to
sequences that are at least about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more nucleotides apart. In some
embodiments, at least one (e.g., 1,2, 3,4, 5, 6,7, 8,9, 10 or more) deaminated nucleotide is
located in the sequence between the hybridized probes.

In some instances, more than one (e.g., 2, 3, 4, 5, or more) probes hybridize to a target
DNA molecule. In some instances, two probes hybridize to sequences that are adjacent to one
another. In some instances, the probes are coupled. In some instances, the probes are coupled
via ligation. In some instances, because the probes hybridize to adjacent sequences, ligation
can occur between the adjacent probes after hybridization (i.e., no extension step as described
herein is required). In some instances, two probes hybridize to sequences of an analyte that
are separated by atleast 1, 2, 3,4, 5, 6,7, 8,9, 10, about 15, about 20, about 25, about 30,
about 35, about 40, about 45, about 50, about 55, about 60, about 65, about 70, about 75,
about 80, about 85, about 90, about 95, about 100, about 125, about 150, about 175, about
200, about 250, about 300, about 350, about 400, about 450, about 500, about 600, about 700,
about 800, about 900, or about 1000 nucleotides. In some instances, the probes hybridize to a
sequence that has been modified (e.g. includes a mutation) after deamination. In some
instances, the mutation is a cytosine to a thymine. In some instances, the analyte includes
more than one mutation as a result of the deamination step. In some instances, there are 1, 2,
3,4,5,6,7, 8,9, 10 or more cytosines that are mutated to a thymine (i.e., the cytosines are
not methylated). In some instances, there are 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 or more cytosines that
are not mutated to a thymine (i.e., the cytosines are methylated). In some instances, the probe
is designed to detect one or more deamination mutations.

The one or more probes include a sequence that specifically binds to a sequence on
the target analyte. In some embodiments, the binding moiety comprises a sequence that
specifically binds to a region that does not have a CG dinucleotide. In some instances, the
binding moiety comprises a sequence that specifically binds to a region that includes AA,
AT, AC, AG, CA, CT, CC, GA, GC, GT, GG, TA, TC, TG, or TT dinucleotides. In some
embodiments, the binding of the binding moiety to the target analyte does not affect the
identification of the methylation status of the target analyte.

In some instances, the one or more probes (e.g., a first probe; a second probe) further
includes a sequence that can hybridize to a capture probe sequence (e.g., on an array, as
described herein). In some instances, the sequence that hybridizes to the capture probe is a

poly-adenylation (poly(A)) sequence. In some instances, the sequence that hybridizes to the
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capture probe is a degenerate (e.g., random) sequence. In some instances, the sequence that
hybridizes to the capture probe is designed to be a specific sequence, for example a sequence
that is complementary to a specific target sequence in a DNA or RNA molecule.

In some embodiments, at least one of the probes is extended using a polymerase. In
some instances, the methods disclosed herein include generating an extended first probe. In
some instances, the methods disclosed herein include generating an extended second probe.
In some instances, the extended first probe or the extended second probe includes a sequence
complementary to a sequence between the first sequence and the second sequence. In some
instances, one of the probes is extended to fill in the gap between the two hybridized probes.
In some embodiments, the capture probe is extended using a polymerase. In some
embodiments, the polymerase is a DNA polymerase. In some embodiments, the DNA
polymerase is a thermostable DNA polymerase including, but are not limited to, DNA
polymerase such as Phusion, Hot Start Taqg DNA Polymerase, and EpiMark® Hot Start Taq
DNA Polymerase.

In some instances, the probes (e.g., the first probe and the second probe) are ligated
together. In instances of ligation, any suitable ligase can be used in the methods described
herein. In some instances, the probes may be subjected to an enzymatic ligation reaction,
using a ligase (e.g., T4 RNA ligase 2, a splintR ligase, a single stranded DNA ligase). In
some instances, the ligase is T4 DNA ligase. In some instances, the ligase is T4 RNA ligase
2, also known as Rnl2, which ligates the 3" hydroxyl end of a RNA to the 5 phosphate of
DNA in a double stranded structure. T4 DNA ligase is an enzyme belonging to the DNA
ligase family of enzymes that catalyzes the formation of a covalent phosphodiester bond from
a free 3’ hydroxyl group on one DNA molecule and a free 5’ phosphate group of a second,
separate DNA molecule, thus covalently linking the two DNA strands together to form a
single DNA strand. In some instances, the ligase is splintR ligase. SplintR Ligase, also known
as PBCV-1 DNA Ligase or Chorella virus DNA Ligase, efficiently catalyzes the coupling
(e.g., ligation) of adjacent, single-stranded DNA oligonucleotides splinted by a
complementary RNA strand. In some instances, the ligase is a single-stranded DNA ligase. In
some embodiments, the ligase is a pre-activated T4 DNA ligase. Methods of utilizing a pre-
activated T4 DNA ligase are further disclosed in U.S. Publication No. 2010-0184618-A1,
which is incorporated by reference in its entirety.

In some embodiments, adenosine triphosphate (ATP) is added during the ligation
reaction. DNA ligase-catalyzed sealing of nicked DNA substrates is first activated through
ATP hydrolysis, resulting in covalent addition of an AMP group to the enzyme. After binding

45



10

15

20

25

30

WO 2021/263111 PCT/US2021/039103

to anicked site in a DNA duplex, the ligase transfers this AMP to the phosphorylated 5'-end
at the nick, forming a 5'-5' pyrophosphate bond. Finally, the ligase catalyzes an attack on this
pyrophosphate bond by the OH group at the 3'-end of the nick, thereby sealing it, whereafter
ligase and AMP are released. If the ligase detaches from the substrate before the 3' attack,
e.g. because of premature AMP reloading of the enzyme, then the 5" AMP is left at the 5'-
end, blocking further coupling (e.g., ligation) attempts. In some instances, ATP is added at a
concentration of about 1uM, about 10 uM, about 100 pM, about 1000 uM, or about 10000
uM during the coupling (e.g., ligation) reaction.

In some instances, cofactors that aid in ligating of the probes are added during the
ligation process. In some instances, the cofactors include magnesium ions (Mg?*). In some
instances, the cofactors include manganese ions (Mn?"). In some instances, Mg?" is added in
the form of MgClz. In some instances, Mn?* is added in the form of MnCla. In some
instances, the concentration of MgClz is at about 1 mM, at about 10 mM, at about 100 mM,
or at about 1000 mM. In some instances, the concentration of MnCl: is at about 1 mM, at
about 10 mM, at about 100 mM, or at about 1000 mM.

In some instances, the ligation reaction occurs at a pH in the range of about 6.5 t0 9.0,
of about 6.5 to 8.0, of about 7.5 to 8.0, of about 7.5, or of about 8.0.

In some instances, a single probe having multiple sequences that hybridize to a
nucleic acid is used. For example, in some instances, the first probe and the second probe are
on a contiguous nucleic acid. In some instances, the first probe is on the 3’ end of the
contiguous nucleic acid and the second probe is on the 5 end of the contiguous nucleic acid
(or vice versa). As described above, in some instances, the two sequences of hybridization
can be adjacent to one another, or they can hybridize to sequences that have a gap sequence
between the two sites of hybridization. In some instances, a circular nucleic acid can be
formed and amplified (e.g., using rolling circle amplification). In some instances, the
circularized sequence can be digested (e.g., using an endonuclease), creating a linear nucleic
acid that can be captured and identified using two slide methods disclosed herein. Thus, in
some instances, the single probe includes one or more restriction sites that is designed to be
unique to the probe and is not found in an analyte of interest. Any endonuclease known in the
art can be used so long as it meets these criteria.

In some embodiments, methods are provided herein for amplifying the contiguous
nucleic acid, where amplification of the contiguous nucleic acid increases the number of
copies of the contiguous nucleic acid. In some embodiments where a contiguous nucleic acid

is amplified, the amplification is performed by rolling circle amplification. In some
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embodiments, the contiguous nucleic acid to be amplified includes sequences (e.g., docking
sequences, functional sequences, and/or primer sequences) that enable rolling circle
amplification. In one example, the contiguous nucleic acid can include a functional sequence
that is capable of binding to a primer used for amplification. In another example, the
contiguous nucleic acid can include one or more docking sequences (e.g., a first docking
sequence and a second docking sequence) that can hybridize to one or more oligonucleotides
(e.g., apadlock probe(s)) used for rolling circle amplification.

As used herein, a “padlock probe” refers to an oligonucleotide that has, at its 5* and 3’
ends, sequences that are complementary to adjacent or nearby target sequences (e.g., docking
sequences) on a target nucleic acid sequence. Upon hybridization to the target sequences
(e.g., docking sequences), the two ends of the padlock probe are either brought into contact or
an end is extended until the two ends are brought into contact, allowing circularization of the
padlock probe by ligation (e.g., ligation using any of the methods described herein). In some
embodiments, after circularization of the oligonucleotide, rolling circle amplification can be
used to amplify the ligation product, which includes the contiguous nucleic acid.

In some instances, probes (e.g., a first probe and a second probe) are ligated with the
aid of a splint oligonucleotide. In some instances, the splint oligonucleotide includes a first
splint sequence that is substantially complementary to the first probe or a portion thereof and
a second splint sequence that is substantially complementary to the second probe or a portion
thereof. The splint oligonucleotide can be between 10 and 100 (e.g., about 10, 11, 12, 13, 14,
15,16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40,41, 42, 43, 44, 45, 46, 47,48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64,
65, 66, 67, 68, 69,70, 71, 72,73, 74,75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89,
90,91, 92, 93, 94, 95, 96, 97, 98, 99. 100) nucleotides in length. In some instances, the splint
oligonucleotide aids in ligation of the first probe and the second probe. Methods including a
splint oligonucleotide have been described in U.S. Patent Pub. No. 2019/0055594A1, which
is herein incorporated by reference in its entirety.

In some embodiments, after the step of hybridizing the probes to the nucleic acid, a
wash step is performed to remove unbound probes. The wash step can be performed using
any of the wash methods and solutions described herein. In some embodiments, after the
washing step, the first and second probes are bound to (e.g., hybridized to) the analyte, and
the splint oligonucleotide is bound to (e.g., hybridized to) the first and second
oligonucleotides (e.g., at portions of the first and second probes that are not bound to the

analyte). In some embodiments, the first probe, the second probe, and/or the splint
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oligonucleotide are added to the biological sample at the same time. In some embodiments,
the first probe and the second probe are added at a first time point, and the splint

oligonucleotide is added to the biological sample at a second time point.

Addition of Methylated Adaptors

Provided herein are methods for identifying a methylation status of DNA in a
biological sample, the method comprising: (a) providing one or more methylated adaptors
and a transposase enzyme to the biological sample under conditions wherein the one or more
methylated adaptors is inserted into the DNA; (b) contacting the sequence comprising the
analyte and the one or more methylated adaptors with an array comprising a plurality of
capture probes, wherein a capture probe in the plurality of capture probes comprises a spatial
barcode, wherein if the capture probe comprises one or more cytosines, then the one or more
cytosines are methylated cytosines; (c) ligating the sequence comprising the analyte and the
one or more methylated adaptors to the capture probe, thereby creating a ligation product; (d)
deaminating the ligation product; (e) determining (i) all or a portion of the sequence of the
spatial barcode or the complement thereof, and (ii) all or a portion of the sequence of the
ligation product, or a complement thereof, and using the determined sequences of (i) and (ii)
to identify the methylation status of the analyte in the biological sample.

In some embodiments, the method further comprises allowing the transposase enzyme
to fragment the DNA and insert the methylated adaptors, thereby generating a sequence
comprising an analyte and the one or more methylated adaptors, prior to step (b).

Also provided herein are methods for identifying a methylation status of a nucleic
acid in a biological sample on a spatial array, the method comprising: (a) ligating methylated
adaptors onto the 5° and/or 3 ends of fragmented nucleic acids, thereby generating an
adapted nucleic acid fragment; (b) deaminating the adapted nucleic acid fragment; (c)
capturing the adapted nucleic acid fragment onto a spatial array comprising a plurality of
capture probes, wherein a capture probes comprise a spatial barcode; (d) determining (i) all or
a portion of the sequence of the spatial barcode or the complement thereof, and (ii) all or a
portion of the sequence of the methylated adaptor/nucleic acid, or a complement thereof, and
using the determined sequences of (i) and (ii) to identify the methylation status of the analyte,
or a portion thereof, in the biological sample.

In some instances, a methylated adaptor is ligated to a nucleic acid at a 5° end of the
nucleic acid. In some instances, a methylated adaptor is ligated to a nucleic acid at a 3’ end

of the nucleic acid. In some instances, methylated adaptors are ligated to a nucleic acid at the
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5’ end and the 3’ end of the nucleic acid. In some embodiments, the methylated adaptor is a
methylated capture handle.

In some instances, a methylated adaptor is from 10 to 75 (e.g., 10, 11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40,
41,42, 43,44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64. 65,
66, 67, 68, 69, 70, 71, 72, 73, 74, or 75) nucleotides in length. In some instances, the
methylated adaptor is single-stranded. In some instances, the methylated adaptor is double-
stranded. In some instances, the methylated adaptor is a DNA molecule.

In some instances, the methylated adaptor includes one or more methylated cytosine,
which is protected from mutation caused during deamination. For instances, in some
embodiments, the methylated adaptor includes at least 2, 3, 4, 5, 6, 7, 8, 9, 10, or more
methylated cytosines.

In some instances, the methylated adaptor is ligated to nucleic acids by tagmentation.

In some embodiments, step (a) further comprises allowing a transposase enzyme to
fragment the analytes, e.g., nucleic acids, and insert the methylated adaptors, thereby
generating one or more sequences, each comprising a nucleic acid analyte and the one or
more methylated adaptors (i.e., an adapted (e.g., tagmented) nucleic acid fragment).

A method for spatial transcriptome analysis using a transposase enzyme is described
in U.S. Patent Publication No. WO 2020/047002, which is incorporated herein by reference
in its entirety.

As used herein, “tagmentation” refers to a process of transposase-mediated
fragmentation and tagging of DNA. Tagmentation typically involves the modification of
DNA by a transposome complex and results in the formation of “tagments™, or tagged DNA
fragments.

As used herein, a “transposome” or “transposome complex” is a complex of a
transposase enzy me and DNA which comprises transposon end sequences (also known as
“transposase recognition sequences” or “mosaic ends” (ME)).

A “transposase” is an enzyme that binds to the end of a transposon and catalyzes its
movement to another part of the genome by a cut and paste mechanism or a replicative
transposition mechanism.

The DNA that forms a complex with a transposase enzyme (i.e. the transposon or ME
sequences) contains a partially double stranded (e.g. DNA) oligonucleotide, wherein each
strand contains a transposase specific sequence which forms the double stranded part of the

oligonucleotide. The single-stranded portion of the oligonucleotide is at the 5° end of the
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oligonucleotide (i.e. forms a 5° overhang) and may comprise a functional sequence (e.g. a
capture probe binding site, an adaptor sequence, etc.). Thus, the partially double stranded
oligonucleotides in the transposome may be viewed as adaptors that can be ligated to the
fragmented DNA. A transposome comprises a transposase enzyme complexed with one or
more adaptors comprising transposon end sequences (or mosaic ends) and tagmentation
results in the simultaneous fragmentation of DNA and ligation (e.g., tagging) of the adapters
to the 5' ends of both ends of DNA duplex fragments. In some embodiments, an adaptor is
methylated (e.g., comprising one or more methylated cytosines).

It will be evident that tagmentation can be used to provide fragmented DNA with a
domain capable of hybridizing and/ or ligating to the capture domain of the capture probes of
the invention. Moreover, the domain may be provided directly or indirectly.

For example, in some embodiments, the adaptors of the transposome comprise a
functional domain or sequence that may be configured to hybridize to all or a portion of a
capture domain. The functional domain or sequence may be a domain capable of hybridizing
to the capture domain of the capture probes of the invention (e.g. a homopolymeric sequence,
e.g. poly-A sequence). In other words, the single-stranded portion of an adaptor comprises a
domain capable of hybridizing to the capture domain of the capture probes of the invention.
Accordingly, tagmentation results in the fragmentation of DNA of the biological specimen
and ligation of the domain capable of hybridizing to the capture domain of the capture probes
of the invention to the DNA of the biological specimen, i.e. providing the DNA of the
biological specimen with a domain complementary to the capture probe capture domain
directly.

In one embodiment, the functional domain or sequence is configured to attach to a
portion of the capture domain through click chemistry. As used herein, the term “click
chemistry,” generally refers to reactions that are modular, wide in scope, give high yields,
generate only inoffensive byproducts, such as those that can be removed by
nonchromatographic methods, and are stereospecific (but not necessarily enantioselective).
See, e.g., Angew. Chem. Int. Ed., 2001, 40(11):2004-2021, which is incorporated herein by
reference in its entirety. In some cases, click chemistry can describe pairs of functional
groups that can selectively react with each other in mild, aqueous conditions.

In some embodiments, an adaptor of a transposome comprises (i) a domain capable of
(i.e. suitable for) facilitating the introduction of a click chemistry moiety(ies) configured to
interact with another click chemistry moiety(ies) which can be associated with the capture

domain of the capture probes of the invention.
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An example of a click chemistry reaction can be the Huisgen 1,3-dipolar
cycloaddition of an azide and an alkyne, i.e., Copper-catalyzed reaction of an azide with an
alkyne to form a 5-membered heteroatom ring called 1,2,3-triazole. The reaction can also be
known as a Cu(I)-Catalyzed Azide-Alkyne Cycloaddition (CuAAC), a Cu(I) click chemistry
or a Cut click chemistry. Catalyst for the click chemistry can be Cu(I) salts, or Cu(I) salts
made in situ by reducing Cu(II) reagent to Cu(I) reagent with a reducing reagent (Pharm Res.
2008, 25(10): 2216-2230). Known Cu(Il) reagents for the click chemistry can include, but
are not limited to, Cu(Il)-(TBTA) complex and Cu(II) (THPTA) complex. TBTA, which is
tris-[(1-benzyl-1H-1,2,3-triazol-4-y1)methyl]amine, also known as tris-
(benzyltriazolylmethyl)amine, can be a stabilizing ligand for Cu(I) salts. THPTA, which is
tris-(hy droxypropyltriazolylmethyl)amine, can be another example of stabilizing agent for
Cu(I). Other conditions can also be accomplished to construct the 1,2,3-triazole ring from an
azide and an alkyne using copper-free click chemistry, such as by the Strain-promoted Azide-
Alkyne Click chemistry reaction (SPAAC, see, e.g., Chem. Commun., 2011, 47:6257-6259
and Nature, 2015, 519(7544):486-90), each of which is incorporated herein by reference in its
entirety.

In another embodiment, an adaptor of a transposome may comprise a nucleotide
sequence that templates the ligation of a universal adaptor to the tagmented DNA. The
universal adaptor comprises a domain capable of hybridizing to the capture domain of the
capture probes of the invention. Thus, in some embodiments, tagmentation provides the DNA
of the biological specimen with a domain capable of hybridizing with the capture domain of a
capture probe indirectly.

In another embodiment, an adaptor of a transposome may comprise a nucleotide
sequence that is a substrate in a ligation reaction that introduces a universal adaptor to the
tagmented DNA, e.g. a domain to which a universal adaptor may bind. For instance, the
universal adaptor may be a partially double-stranded oligonucleotide having a first strand
comprising a single-stranded portion containing domain that binds to the adaptor sequence
ligated to the fragmented (i.e. tagmented) DNA and a second strand comprising a domain that
binds to the first strand and a domain capable of binding (hybridizing) to the capture domain
of the capture probes of the invention. Ligation of the universal adaptor to the fragmented
(i.e. tagmented) DNA provides the tagmented DNA with a domain that binds to the capture
domain of the capture probes of the invention. Thus, in some embodiments, tagmentation

provides the DNA of the biological specimen with a binding domain indirectly.
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As tagmentation results in DNA that comprises gaps between the 3° ends of the DNA
of the biological specimen and the 5° ends at the double stranded portion of the adaptors (i.e.
the 5 ends of the adaptors containing the MEs are not ligated to the 3” ends of the
fragmented DNA of the biological specimen), providing the tagmented DNA with a binding
domain capable of binding (hybridizing) to the capture domain of the capture probes of the
invention may require a step of “gap filling” the tagmented DNA.

Gap filling may be achieved using a suitable polymerase enzyme, i.e. a DNA
polymerase (e.g. selected from the list below). In this respect, the 3” ends of the tagmented
DNA are extended using the complementary strands of the tagmented DNA as templates.
Once the gaps have been filled, the 3” ends of the tagmented DNA are joined to the 5° ends of
the adaptors by a ligation step, using a suitable ligase enzyme.

It will be understood in this regard that the 5' end of adaptors containing the ME is
phosphorylated to enable ligation to take place. The transposome may comprise an adaptor in
which one or both 5° ends are phosphorylated. In embodiments where the transposome
comprises an adaptor in which the 5' end of adaptor containing the ME is not phosphorylated,
the gap filling process may comprise a further step of phosphorylating the 5° end of the
adaptor, e.g. using a kinase enzyme, such as T4 polynucleotide kinase.

In some embodiments, the 3” ends of the tagmented DNA may be extended using a
DNA polymerase with strand displacement activity using the complementary strands of the
tagmented DNA as templates. This results in the displacement of the strands of the adaptors
that are not ligated to the fragmented DNA and the generation of fully double stranded DNA
molecules. These molecules may be provided with a domain capable of binding to the capture
domain of the capture probes by any suitable means, e.g. ligation of adaptors, “tailing” with a
terminal transferase enzyme etc.

Thus, in some embodiments, the method comprises a step of extending the 3” ends of
the fragmented (i.e. tagmented) DNA using a polymerase with strand displacement activity to
produce fully double stranded DNA molecules.

In some embodiments, the fully double stranded DNA molecules may be provided
with a binding domain capable of binding to the capture domain of the capture probes on a
spatial array. In some embodiments, a binding domain may be provided by ligation of
adaptors to the double stranded DNA molecules or via the use of a terminal transferase active
enzyme to incorporate a polynucleotide tail, e.g. homopolymeric sequence (e.g. a poly-A

tail), at the 3' ends of the double stranded DN A molecules.
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Transposase Tn5 is a member of the RNase superfamily of proteins. The Tn5
transposon is a composite transposon in which two near-identical insertion sequences (ISS0L
and IS50R) flank three antibiotic resistance genes. Each IS50 contains two inverted 19-bp
end sequences (ESs), an outside end (OE) and an inside end (IE).

A hyperactive variant of the Tn5 transposase is capable of mediating the
fragmentation of double-stranded DNA and ligation of synthetic oligonucleotides (adaptors)
at both 5° ends of the DNA in a reaction that takes about 5 minutes. However, as wild-type
end sequences have a relatively low activity, they are preferably replaced in vitro by
hyperactive mosaic end (ME) sequences. A complex of the Tn5 transposase with 19-bp ME
is thus all that is necessary for transposition to occur, provided that the intervening DNA is
long enough to bring two of these sequences close together to form an active Tn5 transposase
homodimer.

Methods, compositions, and kits for treating nucleic acid, and in particular, methods
and compositions for fragmenting and tagging DNA using transposon compositions are
described in detail in US2010/0120098 and US2011/0287435, which are hereby incorporated
by reference in their entireties.

Thus, any transposase enzy me with tagmentation activity, i.e. capable of fragmenting
DNA and ligating oligonucleotides to the ends of the fragmented DNA, may be used in the
methods of the present invention. In some embodiments, the transposase is a Tn5, Tn7, or Mu
transposase or a functional variant or derivative thereof.

The tagmentation of the nucleic acid in the biological sample can be performed before
or after the deamination of the nucleic acid. In some embodiments, the nucleic acid is
deaminated prior to the tagmentation. In some embodiments, the nucleic acid is deaminated
after the tagmentation.

In some embodiments, the method further comprises washing the biological sample.
In some instances, a wash step occurs before or after the deamination step. In some
embodiments, the washing step is conducted to remove all or a part of the deaminating agent.
In some embodiments, the washing step does not remove the analyte in the biological sample.
In some embodiments, the washing step removes an insignificant amount of the analyte in the
biological sample. In some instances, a wash step occurs after hybridizing the
oligonucleotides. In some instances, this wash step removes any unbound oligonucleotides
and can be performed using any technique or solution disclosed herein or known in the art. In

some embodiments, multiple wash steps are performed to remove unbound oligonucleotides.
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Two-slide method Processes

In some embodiments, the alignment of the first substrate and the second substrate is
facilitated by a sandwiching process. Accordingly, described herein are methods of
positioning together the first substrate as described herein with a second substrate having an
array with capture probes.

FIG. 12 is a schematic diagram depicting an exemplary sandwiching process 1201
between a first substrate comprising a biological sample (e.g., a tissue section 1202 on a
pathology slide 1203) and a second substrate comprising a spatially barcoded array, e.g., a
slide 1204 that is populated with spatially-barcoded capture probes 1206. During the
exemplary sandwiching process, the first substrate is aligned with the second substrate, such
that at least a portion of the biological sample is aligned with at least a portion of the array
(e.g., aligned with the array area superior or inferior to the biological sample). As shown, the
arrayed slide 1204 is in a superior position to the pathology slide 1203. In some
embodiments, the pathology slide 1203 may be positioned superior to the arrayed slide 1204.
In some embodiments, the first and second substrates are aligned to maintain a gap or
separation distance 1207 between the two substrates. When the first and second substrates are
aligned, one or more analytes are released from the biological sample and actively or
passively migrated to the array for capture. In some embodiments, the migration occurs
while the aligned portions of the biological sample and the array are contacted with a reagent
medium 1205. The released one or more analytes may actively or passively migrate across
the gap 1207 via the reagent medium 1205 toward the capture probes 1206, and be captured
by the capture probes 1206.

In some embodiments, the separation distance in the gap 1207 between first and
second substrates is maintained between 2 microns and 1 mm (e.g., between 2 microns and
800 microns, between 2 microns and 700 microns, between 2 microns and 600 microns,
between 2 microns and 500 microns, between 2 microns and 400 microns, between 2 microns
and 300 microns, between 2 microns and 200 microns, between 2 microns and 100 microns,
between 2 microns and 25 microns, between 2 microns and 10 microns), measured in a
direction orthogonal to the surface of first substrate that supports sample. In some instances,
the distance is 2 microns. In some instances, the distance is 2.5 microns. In some instances,
the distance is about 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, or 25 microns. In some embodiments, second substrate is placed in direct contact with the

sample on the first substrate ensuring no diffusive spatial resolution losses. In some
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embodiments, the separation distance is measured in a direction orthogonal to a surface of the
first substrate that supports the biological sample.

In some embodiments, the first and second substrates are placed in a substrate holder
(e.g., an array alignment device) configured to align the biological sample and the array. In
some embodiments, the device comprises a sample holder. In some embodiments, the sample
holder includes a first and second member that receive a first and second substrate,
respectively. The device can include an alignment mechanism that is connected to at least one
of the members and aligns the first and second members. Thus, the devices of the disclosure
can advantageously align the first substrate and the second substrate and any samples,
barcoded probes, or permeabilization reagents that may be on the surface of the first and
second substrates. Exemplary devices and exemplary sample holders are described in PCT
Patent Application Publication No. WO 2020/123320, which is incorporated by reference in
its entirety.

In some embodiments, the reagent medium comprises a permeabilization agent.
Suitable agents for this purpose include, but are not limited to, organic solvents (e.g., acetone,
ethanol, and methanol), cross-linking agents (e.g., paraformaldehyde), detergents (e.g.,
saponin, Triton X-100™, Tween-20™, or sodium dodecyl sulfate (SDS)), and enzymes (e.g.,
trypsin, proteases (e.g., proteinase K). In some embodiments, the detergent is an anionic
detergent (e.g., SDS or N-lauroylsarcosine sodium salt solution). Exemplary
permeabilization reagents are described in in PCT Patent Application Publication No. WO
2020/123320, which is incorporated by reference in its entirety.

In some embodiments, the reagent medium comprises a lysis reagent. Lysis solutions
can include ionic surfactants such as, for example, sarkosyl and sodium dodecy] sulfate
(SDS). More generally, chemical lysis agents can include, without limitation, organic
solvents, chelating agents, detergents, surfactants, and chaotropic agents. Exemplary lysis
reagents are described in PCT Patent Application Publication No. WO 2020/123320, which is
incorporated by reference in its entirety.

In some embodiments, the reagent medium comprises a protease. Exemplary
proteases include, e.g., pepsin, trypsin, pepsin, elastase, and proteinase K. Exemplary
proteases are described in PCT Patent Application Publication No. WO 2020/123320, which
is incorporated by reference in its entirety.

In some embodiments, the reagent medium comprises a detergent. Exemplary

detergents include sodium dodecyl sulfate (SDS), sarkosyl, saponin, Triton X-100™. and
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Tween-20™. Exemplary detergents are described in PCT Patent Application Publication No.
WO 2020/123320, which is incorporated by reference in its entirety.

In some embodiments, the reagent medium comprises a nuclease. In some
embodiments, the nuclease comprises an RNase. In some embodiments, the RNase is
selected from RNase A, RNase C, RNase H, and RNase I. In some embodiments, the reagent
medium comprises one or more of sodium dodecyl sulfate (SDS), proteinase K, pepsin, N-
lauroylsarcosine, RNAse, and a sodium salt thereof.

The sample holder is compatible with a variety of different schemes for contacting the
aligned portions of the biological sample and array with the reagent medium to promote
analyte capture. In some embodiments, the reagent medium is deposited directly on the
second substrate (e.g., forming a reagent medium that includes the permeabilization reagent
and the feature array), and/or directly on the first substrate. In some embodiments, the
reagent medium is deposited on the first and/or second substrate, and then the first and
second substrates aligned in the disclosed configuration such that the reagent medium
contacts the aligned portions of the biological sample and array. In some embodiments, the
reagent medium is introduced into the gap 1207 while the first and second substrates are
aligned in the disclosed configuration.

In certain embodiments a dried permeabilization reagent is applied or formed as a
layer on the first substrate or the second substrate or both prior to contacting the sample and
the feature array. For example, a reagent can be deposited in solution on the first substrate or
the second substrate or both and then dried. Drying methods include, but are not limited to
spin coating a thin solution of the reagent and then evaporating a solvent included in the
reagent or the reagent itself. Alternatively, in other embodiments, the reagent can be applied
in dried form directly onto the first substrate or the second substrate or both. In some
embodiments, the coating process can be done in advance of the analytical workflow and the
first substrate and the second substrate can be stored pre-coated. Alternatively, the coating
process can be done as part of the analytical workflow. In some embodiments, the reagent is a
permeabilization reagent. In some embodiments, the reagent is a permeabilization enzyme, a
buffer, a detergent, or any combination thereof. In some embodiments, the permeabilization
enzyme is pepsin. In some embodiments, the reagent is a dried reagent (e.g., a reagent free
from moisture or liquid). In some instances, the substrate that includes the sample (e.g., a
histological tissue section) is hydrated. The sample can be hydrated by contacting the sample

with a reagent medium, e.g., a buffer that does not include a permeabilization reagent. In
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some embodiments, the hydration is performed while the first and second substrates are
aligned in a sandwich style configuration.

In some instances, the aligned portions of the biological sample and the array are in
contact with the reagent medium 1205 in the gap 1207 for about 1 minute. In some instances,
the aligned portions of the biological sample and the array are in contact with the reagent
medium 1205 for about 5 minutes. In some instances, the aligned portions of the biological
sample and the array are in contact with the reagent medium 1205 in the gap 1207 for about 1
minute, about 5 minutes, about 10 minutes, about 12 minutes, about 15 minutes, about 18
minutes, about 20 minutes, about 25 minutes, about 30 minutes, about 36 minutes, about 45
minutes, or about an hour. In some instances, the aligned portions of the biological sample
and the array are in contact with the reagent medium 1205 for about 1-60 minutes. In some
instances, the aligned portions of the biological sample and the array are in contact with the
reagent medium 1205 for about 30 minutes.

In some embodiments, following initial contact between a sample and a
permeabilization agent, the permeabilization agent can be removed from contact with the
sample (e.g., by opening the sample holder) before complete permeabilization of the sample.
For example, in some embodiments, only a portion of the sample is permeabilized, and only a
portion of the analytes in the sample may be captured by the feature array. In some instances,
the reduced amount of analyte captured and available for detection can be offset by the
reduction in lateral diffusion that results from incomplete permeabilization of the sample. In
general, the spatial resolution of the assay is determined by the extent of analyte diffusion in
the transverse direction (i.e., orthogonal to the normal direction to the surface of the sample).
The larger the distance between the sample on the first substrate and the feature array on the
second substrate, the greater the extent of diffusion in the transverse direction, and the
concomitant loss of resolution. Analytes liberated from a portion of the sample closest to the
feature array have a shorter diffusion path, and therefore do not diffuse as far laterally as
analytes from portions of the sample farthest from the feature array. As a result, in some
instances, incomplete permeabilization of the sample (by reducing the contact interval
between the permeabilization agent and the sample) can be used to maintain adequate spatial
resolution in the assay.

In some instances, the device is configured to control a temperature of the first and
second substrates. In some embodiments, the temperature of the first and second members is
lowered to a first temperature that is below room temperature (e.g., 25 degrees Celsius) (e.g.,

20 degrees Celsius or lower, 15 degrees Celsius or lower, 10 degrees Celsius or lower, 5

57



10

15

20

25

30

WO 2021/263111 PCT/US2021/039103

degrees Celsius or lower, 4 degrees Celsius or lower, 3 degrees Celsius or lower, 2 degrees
Celsius or lower, 1 degree Celsius or lower, 0 degrees Celsius or lower, -1 degrees Celsius or
lower, -5 degrees Celsius or lower). In some embodiments, the device includes a temperature
control system (e.g., heating and cooling conducting coils) to control the temperature of the
sample holder. Alternatively, in other embodiments, the temperature of the sample holder is
controlled externally (e.g., via refrigeration or a hotplate). In a first step, the second member,
set to or at the first temperature, contacts the first substrate, and the first member, set to or at
the first temperature, contacts the second substrate, thereby lowering the temperature of the
first substrate and the second substrate to a second temperature. In some embodiments, the
second temperature is equivalent to the first temperature. In some embodiments, the first
temperature is lower than room temperature (e.g., 25 degrees Celsius). In some embodiments,
the second temperature ranges from about -10 degrees Celsius to about 4 degrees Celsius. In
some embodiments, the second temperature is below room temperature (e.g., 25 degrees
Celsius) (e.g., 20 degrees Celsius or lower, 15 degrees Celsius or lower, 10 degrees Celsius or
lower, 5 degrees Celsius or lower, 4 degrees Celsius or lower, 3 degrees Celsius or lower, 2
degrees Celsius or lower, 1 degree Celsius or lower, 0 degrees Celsius or lower, -1 degrees
Celsius or lower, -5 degrees Celsius or lower).

In an exemplary embodiment, the second substrate is contacted with the
permeabilization reagent. In some embodiments, the permeabilization reagent is dried. In
some embodiments, the permeabilization reagent is a gel or a liquid. Also in the exemplary
embodiments, the biological sample is contacted with buffer. Both the first and second
substrates are placed at lower temperature to slow down diffusion and permeabilization
efficiency. Alternatively, in some embodiments, the sample can be contacted directly with a
liquid permeabilization reagent without inducing an unwanted initiation of permeabilization
due to the substrates being at the second temperature. In some embodiments, the low
temperature slows down or prevents the initiation of permeabilization. In a second step,
keeping the sample holder and substrates at a cold temperature (e.g., at the first or second
temperatures) continues to slow down or prevent the permeabilization of the sample. In a
third step, the sample holder (and consequently the first and second substrates) is heated up to
initiate permeabilization. In some embodiments, the sample holder is heated up to a third
temperature. In some embodiments, the third temperature is above room temperature (e.g.,
25 degrees Celsius) (e.g., 30 degrees Celsius or higher, 35 degrees Celsius or higher, 40
degrees Celsius or higher, 50 degrees Celsius or higher, 60 degrees Celsius or higher). In

some embodiments, analytes that are released from the permeabilized tissue of the sample
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diffuse to the surface of the second substrate and are captured on the array (e.g., barcoded
probes) of the second substrate. In a fourth step, the first substrate and the second substrate
are separated (e.g., pulled apart) and temperature control is stopped.

In some embodiments, where either the first substrate or second substrate (or both)
includes wells, a permeabilization solution can be introduced into some or all of the wells,
and the sample and the feature array can be contacted by closing the sample holder to
permeabilize the sample. In certain embodiments, a permeabilization solution can be soaked
into a hydrogel film that is applied directly to the sample, and/or soaked into features (e.g.,
beads) of the array. When the first and second substrates are aligned in the sandwich type
configuration, the permeabilization solution promotes migration of analytes from the sample
to the array.

In certain embodiments, different permeabilization agents or different concentrations
of permeabilization agents can be infused into array features (e.g., beads) or into a hydrogel
layer as described above. By locally varying the nature of the permeabilization reagent(s),
the process of analyte capture from the sample can be spatially adjusted.

In some instances, migration of the analyte from the biological sample to the second
substrate is passive (e.g., via diffusion). Alternatively, in certain embodiments, migration of
the analyte from the biological sample is performed actively (e.g., electrophoretic, by
applying an electric field to promote migration). In some instances, first and second
substrates can include a conductive epoxy. Electrical wires from a power supply can connect
to the conductive epoxy, thereby allowing a user to apply a current and generate an electric
field between the first and second substrates. In some embodiments, electrophoretic
migration results in higher analyte capture efficiency and better spatial fidelity of captured
analytes (e.g., on a feature array) than random diffusion onto matched substrates without the
application of an electric field (e.g., via manual alignment of the two substrates). Exemplary
methods of electrophoretic migration, including those illustrated in FIGs. 6-9, are described
in WO 2020/176788, including at FIGs. 14A-14B, 15, 24A-24B, and 25A-25C, which is
hereby incorporated by reference in its entirety.

Loss of spatial resolution can occur when analytes migrate from the sample to the
feature array and a component of diffusive migration occurs in the transverse (e.g., lateral)
direction, approximately parallel to the surface of the first substrate on which the sample is
mounted. To address this loss of resolution, in some embodiments, a permeabilization agent
deposited on or infused into a material with anisotropic diffusion can be applied to the sample

or to the feature array. The first and second substrates are aligned by the sample holder and
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brought into contact. A permeabilization layer that includes a permeabilization solution
infused into an anisotropic material is positioned on the second substrate.

In some embodiments, the feature array can be constructed atop a hydrogel layer
infused with a permeabilization agent. The hydrogel layer can be mounted on the second
substrate, or alternatively, the hydrogel layer itself may function as the second substrate.
When the first and second substrates are aligned, the permeabilization agent diffuses out of
the hydrogel layer and through or around the feature array to reach the sample. Analytes
from the sample migrate to the feature array. Direct contact between the feature array and the
sample helps to reduce lateral diffusion of the analytes, mitigating spatial resolution loss that
would occur if the diffusive path of the analytes was longer.

Spatial analysis workflows can include a sandwiching type process described herein,
e.g., aprocess as described in FIG. 12. In some embodiments, the workflow includes
provision of the first substrate comprising the biological sample. In some embodiments, the
workflow includes, mounting the biological sample onto the first substrate. In some
embodiments wherein the biological sample is a tissue sample, the workflow includes
sectioning of the tissue sample (e.g., cryostat sectioning). In some embodiments, the
workflow includes a fixation step. In some instances, the fixation step can include fixation
with methanol. In some instances, the fixation step includes formalin (e.g., 2% formalin).

In some embodiments, the biological sample on the first substrate is stained using any
of the methods described herein. In some instances, the biological sample is imaged,
capturing the stain pattern created during the stain step. In some instances, the biological
sample then is destained prior to the two slide process 1201.

The biological sample can be stained using known staining techniques, including,
without limitation, Can-Grunwald, Giemsa, hematoxylin and eosin (H&E), hematoxylin,
Jenner’s, Leishman, Masson’s trichrome, Papanicolaou, Romanowsky, silver, Sudan,
Wright’s, and/or Periodic Acid Schiff (PAS) staining techniques. PAS staining is typically
performed after formalin or acetone fixation. In some embodiments, the biological sample
can be stained using a detectable label (e.g., radioisotopes, fluorophores, chemiluminescent
compounds, bioluminescent compounds, and dyes) as described elsewhere herein. In some
embodiments, a biological sample is stained using only one type of stain or one technique. In
some embodiments, staining includes biological staining techniques such as H&E staining. In
some embodiments, staining includes biological staining using hematoxylin. In some
embodiments, staining includes identifying analytes using fluorescently-conjugated
antibodies, e.g., by immunofluorescence. In some embodiments, a biological sample is
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stained using two or more different types of stains, or two or more different staining
techniques. For example, a biological sample can be prepared by staining and imaging using
one technique (e.g., H&E staining and brightfield imaging), followed by staining and imaging
using another technique (e.g., IHC/IF staining and fluorescence microscopy) for the same
biological sample. In some instances, a biological sample on the first substrate is stained.

In some instances, methods for immunofluorescence include a blocking step. The
blocking step can include the use of blocking probes to decrease nonspecific binding of the
antibodies. The blocking step can optionally further include contacting the biological sample
with a detergent. In some instances, the detergent can include Triton X-100™. The method
can further include an antibody incubation step. In some embodiments, the antibody
incubation step effects selective binding of the antibody to antigens of interest in the
biological sample. In some embodiments, the antibody is conjugated to an oligonucleotide
(e.g., an oligonucleotide-antibody conjugate as described herein). In some embodiments, the
antibody is not conjugated to an oligonucleotide. In some embodiments, the method further
comprises an antibody staining step. The antibody staining step can include a direct method
of immunostaining in which a labelled antibody binds directly to the analyte being stained
for. Alternatively, the antibody staining step can include an indirect method of
immunostaining in which a first antibody binds to the analyte being stained for, and a second,
labelled antibody binds to the first antibody. In some embodiments, the antibody staining
step is performed prior to the two-slide spatial array assembly. In some embodiments
wherein an oligonucleotide-antibody conjugate is used in the antibody incubation step, the
method does not comprise an antibody staining step.

In some instances, the methods include imaging the biological sample. In some
instances, imaging occurs prior to a two-slide assembly. In some instances, imaging occurs
while the two-slide configuration is assembled. In some instances, imaging occurs during
permeabilization of the biological sample. In some instances, image are captured using high
resolution techniques (e.g., having 300 dots per square inch (dpi) or greater). For example,
images can be captured using brightfield imaging (e.g., in the setting of hematoxylin or H&E
stain), or using fluorescence microscopy to detect adhered labels. In some instances, high
resolution images are captured temporally using e.g., confocal microscopy. In some
instances, a low resolution image is captured. A low resolution image (e.g., images that are
about 72dpi and normally have an RGB color setting) can be captured at any point of the

workflow, including but not limited to staining, destaining, permeabilization, two-slide
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assembly, and migration of the analytes. In some instances, a low resolution image is taken
during permeabilization of the biological sample.

In some embodiments, the location of the one or more analytes in a biological sample
are determined by immunofluorescence. In some embodiments, one or more detectable labels
(e.g., fluorophore-labeled antibodies) bind to the one or more analytes that are captured
(hybridized to) by a probe on the first slide and the location of the one or more analytes is
determined by detecting the labels under suitable conditions. In some embodiments, one or
more fluorophore-labeled antibodies are used to conjugate to a moiety that associates with a
probe on the first slide or the analyte that is hybridized to the probe on the first slide. In some
instances, the location(s) of the one or more analytes is determined by imaging the
fluorophore-labeled antibodies when the fluorophores are excited by a light of a suitable
wavelength. In some embodiments, the location of the one or more analytes in the biological
sample is determined by correlating the immunofluorescence data to an image of the
biological sample. In some instances, the tissue is imaged throughout the permeabilization
step.

In some instances, the biological samples can be destained. In some instances,
destaining occurs prior to permeabilization of the biological sample. By way of example
only, H&E staining can be destained by washing the sample in HCI. In some instances, the
hematoxylin of the H&E stain is destained by washing the sample in HC1. In some
embodiments, destaining can include 1, 2, 3, or more washes in HCI. In some embodiments,
destaining can include adding HCI to a downstream solution (e.g., permeabilization solution).

Between any of the methods disclosed herein, the methods can include a wash step
(e.g., with SSC (e.g., 0.1x SSC)). Wash steps can be performed once or multiple times (e.g.,
1x, 2x, 3x, between steps disclosed herein). In some instances, wash steps are performed for
about 10 seconds, about 15 seconds, about 20 seconds, about 30 seconds, or about a minute.
In some instances, three washes occur for 20 seconds each. In some instances, the wash step
occurs before staining the sample, after destaining the sample, before permeabilization the
sample, after permeabilization the sample, or any combination thereof.

In some instances, after the sandwiching type process 1201 the first substrate and the
second substrate are separated (e.g., such that they are no longer aligned in a sandwich type
configuration). In some embodiments, subsequent analysis (e.g., cDNA synthesis, library
preparation, and sequences) can be performed on the captured analytes after the first substrate

and the second substrate are separated.
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In some embodiments, the process of transferring the ligation product or methylated-
adaptor-containing nucleic acid from the first substrate to the second substrate is referred to
interchangeably herein as a “sandwich type or sandwich style process,” or “two-slide
process”. The two-slide process is further described in PCT Patent Application Publication
No. WO 2020/123320, which is incorporated by reference in its entirety.

Release of Deaminated Nucleic Acid. Capture on an Array. and Determination
of Methylation Status

In some embodiments, the methods described herein further comprise releasing the
ligation product from the analyte, e.g., nucleic acid, on the first substrate and is captured on a
second substrate using the sandwich type methods described herein. In some embodiments,
the releasing occurs before capturing of the ligation product to the capture probe on the
spatial array.

In some instances, the ligation product is dehybridized from the analyte by heating the
sample. In some instances, the ligation product is dehybridized at about 50°C, about 55°C,
about 60°C, about 65°C, about 70°C, or about 75°C. In some instances, the ligation product is
dehybridized from the analyte electrochemically. In some instances, the ligation product is
dehybridized using a solution comprising a base. In some instances, the base is potassium
hydroxide (KOH). In some instances, the base is sodium hydroxide (NaOH). In some
instances, to restore neutral pH after this step, an acid (e.g., a weak acid) having a pH below 7
(e.g., pH of 5, 5.5, 6, 6.5) can be added.

As described above, after release of the ligation product, it can migrate (actively or
passively) to the second substrate and can be captured on the array on the second substrate.

In some instances, the second substrate comprises an array. In some instances, the
array includes a plurality of capture probes, each of which includes a capture domain and a
spatial barcode. In some embodiments, the capture probe is affixed to the substrate at a 5°
end. In some embodiments, the plurality of capture probes are uniformly distributed on a
surface of the substrate. In some embodiments, the plurality of capture probes are located on
a surface of the substrate but are not distributed on the substrate according to a pattern. In
some embodiments, the substrate (e.g., a second substrate) includes a plurality of capture
probes, where a capture probe of the plurality of capture probes includes a capture domain
and a spatial barcode.

In some embodiments, the capture domain includes a sequence that is at least partially

complementary to the analyte or the analyte derived molecule. In some embodiments, the
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capture domain of the capture probe includes a poly(T) sequence. In some embodiments, the
capture domain includes a functional domain. In some embodiments, the functional domain
includes a primer sequence. In some embodiments, the capture probe includes a cleavage
domain. In some embodiments, the cleavage domain includes a cleavable linker from the
group consisting of a photocleavable linker, a UV-cleavable linker, an enzyme-cleavable
linker, or a pH-sensitive cleavable linker.

The array can be any suitable array described herein. In some embodiments, the array
comprises a slide. In some embodiments, the array includes a plurality of capture probes. In
some embodiments, a 5° end of a capture probe in the plurality is attached to the slide. In
some embodiments, the array is a bead array. In some embodiments, a 5> end of the capture
probe is attached to a bead of the bead array. In some embodiments, the capture probe further
comprises a unique molecular identifier (UMI). The UMI can be any suitable UMI described
herein. In some embodiments, the UMI is positioned 5° relative to the capture domain in the
capture probe. In some embodiments, the capture probe further comprises a functional
sequence. In some embodiments, the functional sequence is a primer sequence. In some
embodiments, the primer sequence is used to extend the capture probe.

In some embodiments, the capture domain of the capture probe comprises a sequence
that specifically binds to the overhang sequence of one or more probes. The spatial barcode
can be any suitable spatial barcodes described herein.

In some embodiments, methods provided herein include contacting a biological
sample with a substrate, wherein the capture probe is affixed to the substrate (e.g.,
immobilized to the substrate, directly or indirectly). In some embodiments, the capture probe
includes a spatial barcode and a capture domain. In some embodiments, the capture probe
binding domain of the ligation product specifically binds to the capture domain. After
hybridization of the ligation product to the capture probe, the ligation product is extended at
the 3” end to make a copy of the additional components (e.g., the spatial barcode) of the
capture probe. In some embodiments, methods of ligation product capture as provided herein
include permeabilization of the biological sample such that the capture probe can more easily
hybridize to the ligation product (i.e., compared to no permeabilization).

In some instances, after the ligation product hybridizes to the capture probe, the
method disclosed herein includes extending the capture probe using the ligation product as a
template; thereby generating an extended capture probe. In some instances, the capture probe
is extended wherein each adenine, if present in the extended probe, is base-paired with a

thymine. In some embodiments, the extended capture probe comprises a thymine in each
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position corresponding to the unmethylated cytosines in the analyte in the biological sample.
In some embodiments, the methylated cytosines, e.g., 5S-methylcytosine or 5-
hydroxymethylcytosine, if present in the analyte in the sample, remain unchanged.

In some embodiments, amplification reagents can be added to second substrate.
Incubation with the amplification reagents can produce spatially-barcoded DNA sequences.
Second strand reagents (e.g., second strand primers, enzymes) can be added to the biological
sample on the slide to initiate second strand DNA synthesis.

The resulting DNA can be denatured from the capture probe template and transferred
(e.g., to a clean tube) for amplification, and/or library construction as described herein. The
spatially-barcoded, full-length DNA can be amplified via PCR prior to library construction.
The DNA can then be enzymatically fragmented and size-selected in order to optimize the
DNA amplicon size. Sequencing specific nucleic acid sequences such as P5, P7, sample
indices such as 17, and i5 and sequencing primer sequences such as TruSeq Read 2
(exemplary sequences that are used in Illumina NGS sequencing workflows) can be added
via End Repair, A-tailing, Adaptor Ligation, and PCR. The cDNA fragments can then be
sequenced using paired-end sequencing using TruSeq Read 1 and TruSeq Read 2 as
sequencing primer sites. In some instances, the DNA library is sequenced using any method
described herein.

In some embodiments, the capture probe, ligation product or a complement thereof,
and/or analyte/methylated adaptor can be sequenced. In some instances, this is performed
using a determining step. In some instances, the determining step comprises sequencing (i) all
or a part of the sequence of the analyte, or a complement thereof, and (i1) all or a part of the
sequence of the spatial barcode, or a complement thereof. The sequencing can be performed
using any suitable methods described herein. In some embodiments, the sequencing is high
throughput sequencing. In some embodiments, the sequencing is sequencing by
hybridization. In some embodiments, the sequencing is sequencing by synthesis. In some
embodiments, the sequencing is sequencing by ligation. In some embodiments, the
sequencing is nanopore type sequencing.

In some embodiments, the methods described herein further comprises transferring an
analyte to a spatial array (e.g., a spatial array on a substrate). In some embodiments, the
methods further comprise a migration step wherein the analyte migrates to the substrate. In
some embodiments, the migration is an active migration step. For example, the migration is
through a microfluidic system or a concentration gradient of a reagent. In some embodiments,

active migration is effected by electrophoretic means. In some embodiments, the migration is
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a passive migration step. For example, the migration follows gravity. In some embodiments,
the analyte is a ligation product (e.g., a ligated probe). In some embodiments, the analyte is
an adapted (e.g., tagmented) nucleic acid fragment. In some embodiments, the adapted (e.g.,
tagmented) nucleic acid fragment is deaminated.

In some embodiments, identification of the methylated cytosines is indicative of the
methylation status of the analyte, e.g., nucleic acid. In some embodiments, the methylation
status of the analyte is indicated by the percentage of methylated cytosines over all cytosines
in the analyte. In some embodiments, the methods described herein further comprise
comparing the determined sequence of the analyte with a reference sequence of the analyte,
e.g., the sequence of the analyte without deamination. In some embodiments, the comparison
comprises identifying thymines in the determined sequence of the analyte and comparing
with the nucleotides in the corresponding positions in the reference sequence of the analyte,
and determining that one or more thymines in the determined sequence using the methods
described herein are unmethylated cytosines. In some embodiments, one or more cytosines in
the analyte, e.g., DNA, can be methylated cytosines. In some embodiments, the determined
sequence of the analyte comprises one or more cytosines, wherein the one or more cytosines
are methylated cytosines. In some embodiments, about 0.0001% to about 50% (e.g., about
0.0001% to about 0.001%, about 0.001% to about 0.01%, about 0.01 to about 0.1%, about
0.1% to about 0.2%, about 0.2% to about 0.3%, about 0.3% to about 0.4%, about 0.4% to
about 0.5%, about 0.5% to about 0.6%, about 0.6% to about 0.7%, about 0.7% to about 0.8%,
about 0.8% to about 0.9%, about 0.9% to about 1%, about 1% to about 2%, about 2% to
about 3%, about 3% to about 4%, about 4% to about 5%, about 5% to about 6%, about 6% to
about 7%, about 7% to about 8%, about 8% to about 9%, about 9% to about 10%, about 10%
to about 15%, about 15% to about 20%, about 20% to about 25%, about 25% to about 30%,
about 30% to about 35%, about 35% to about 40%, about 40% to about 45%, or about 45% to
about 50%) of the cytosines in an analyte are methylated. In some embodiments, no cytosine
in an analyte is methylated.

In some instances, the percentage or abundance of methylated nucleotides can be
determined and converted into an image, such as a heat map as shown in FIG. 11B. In some
instances, the map is generated based on the percentage of methylated nucleotides (e.g.,
cytosines) or abundance of methylated nucleotides (e.g., cytosines) by determining the
location of the methylated nucleotides (e.g., cytosines) using the location of the spatial

barcode in the capture probe as provided by sequencing results.
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In some embodiments, the methods provided herein comprise comparing the
methylation status of the analyte at a location in the tissue sample to the DNA methylation
status of a reference location in a reference tissue sample. In some embodiments, the
reference location is a location in a healthy tissue, e.g., a healthy tissue corresponding to the
tissue where the tissue sample is obtained. In some embodiments, the reference location is a
location in a non-cancerous tissue. In some embodiments, the reference location is in a non-
tumor tissue. In some embodiments, the reference location is a location in a tissue sample
with no abnormalities such as tumor, cancer, or disease. In some embodiments, the reference
location is in a sample identified as having cancer. In some instances, the reference location
is a location that includes a tumor.

In some embodiments, the methylation status of the analyte in the tissue sample is
different from the methylation status of an analyte in a reference location in a reference tissue
sample. In some embodiments, the methylation of the analyte in the tissue sample is higher
than the methylation of an analyte in a reference location. In some embodiments, the
methylation of the analyte in the tissue sample is lower than the methylation of an analyte in
a reference location. In some instances, the methylation status of a particular cytosine of an
analyte is different from a cytosine in an analyte at a reference location. In some instances, a
methyl group is located at a particular cytosine compared to a corresponding cytosine in the
reference location. In some instances, a methyl group is not present at a particular cytosine
compared to a methyl group present on a cytosine in the reference location. In some
instances, the methylation status of the analyte includes at least 2, at least 3, at least 4, at least
5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 20, at least 30, at least 40, at
least 50, or more methyl groups compared to the corresponding cytosines in the reference
location. In some instances, the methylation status of the analyte does not include at least 2,
at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 20,
at least 30, at least 40, at least 50, or more methyl groups compared to the corresponding

cytosines in the reference location of a reference tissue sample.

Kits and Compositions

In some embodiments, also provided herein are kits and compositions that include one
or more reagents to detect the methylation status of a nucleic acid in a biological sample.

In some instances, the kit or composition includes a first substrate as described herein.
In some instances, the kit or composition includes a second substrate as described herein. In

some instances, the kit or composition include means for releasing one or more nucleic acids
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and/or probes from a biological sample and allowing the one or more nucleic acids and/or
probes to migrate to the second substrate. In some embodiments, the kit or composition
includes a substrate comprising a plurality of capture probes, wherein a capture probe of the
plurality of first capture probes comprises (i) a spatial barcode and (ii) a capture domain.

In some instances, the kit or composition includes one or more mixtures, reagents, or
solutions for deaminating a nucleotide or nucleic acid. In some instances, the one or more
mixtures, reagents, or solutions is sodium bisulfite.

In some embodiments, reagents can include one or more antibodies (and/or antigen-
binding antibody fragments), labeled hybridization probes, and primers. For example, in
some embodiments, an antibody (and/or antigen-binding antibody fragment) can be used for
visualizing one or more features of a tissue sample (e.g., by using immunofluorescence or
immunohistochemistry). In some embodiments, an antibody (and/or antigen-binding
antibody fragment) can be an analyte binding moiety, for example, as part of an analyte
capture agent. For example, in some embodiments, a kit can include an anti-PMCH antibody,
such as Product No. HPA046055 (Atlas Antibodies), Cat. Nos. PA5-25442, PAS5-84521,
PA5-83802 (ThermoFisher Scientific), or Product No. AV13054 (MilliporeSigma). Other
useful commercially available antibodies will be apparent to one skilled in the art.

In some embodiments, labeled hybridization probes can be used for in situ sequencing
of one or more biomarkers and/or candidate biomarkers. In some embodiments, primers can
be used for amplification (e.g., clonal amplification) of a captured oligonucleotide analyte.

In some embodiments, a kit or composition can include enzyme systems for
performing DNA tagmentation on a target analyte. Enzyme systems can include one or more
transposases, transposon sequences, adaptor sequences, either separately or combined into
transposome complexes. In some embodiments, the enzyme is selected from the group
consisting of a transposase, a ligase, a polymerase; a reverse transcriptase, a cytidine
deaminase and a demethylase.

In some embodiments, a kit or composition can further include instructions for
performing any of the methods or steps provided herein. In some embodiments, a kit or
composition can include a substrate with one or more capture probes comprising a spatial
barcode and a capture domain that captures a nucleic acid. In some instances, the methods
includes means for sequencing the nucleic acid. In some instances, the kit includes reagents
to detect and sequence the analyte. In some embodiments, the kit or composition further

includes but is not limited to one or more antibodies (and/or antigen-binding antibody
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fragments), labeled hybridization probes, primers, or any combination thereof for visualizing

one or more features of a tissue sample.

EXAMPLES

Example 1: Efficient Analyte Capture from Slide-Mounted Fresh Frozen Mouse Brain
Sections onto Spatial Array Slides

Analyte capture onto spatially barcoded arrays and subsequent sequencing was
demonstrated under two-slide and control (not two-slide) conditions. For the two-slide
condition, archived tissue-mounted on standard glass slides containing hematoxylin/eosin
stained fresh frozen mouse brain sections were used. For the control condition, gene
expression array slides with hematoxylin/eosin stained fresh frozen mouse brain sections
mounted directly onto the array area were used. Under both conditions, tissue sections were
subjected to a hematoxylin destaining step. Slides processed according to the two-slide
condition were briefly dried at 37°C, then mounted in an instrument along with a gene
expression slide and a permeabilization buffer comprising sarkosyl and proteinase K. Upon
instrument closure (e.g., two-slides were positioned together in a sandwich type of
configuration), the tissue sections were permeabilized for 1 minute. For the tissue-mounted
gene expression slides processed according to the control condition, sections were
permeabilized for 5 minutes using the same permeabilization buffer. For both conditions,
following permeabilization, captured poly A-containing mRNA transcripts on the gene
expression slides were reverse transcribed into cDNA, followed by standard sequencing
library preparation and sequencing.

Results depicting median genes per spot and median UMI counts per spot are shown
in FIG. 13.

Visual heat map results showing Log10 UMIs are shown in FIG. 14. Spatial patterns
of the Log10 UMI counts were similar across the two-slide and control conditions.

Spatial clustering analysis (top row 1505) and analysis of hippocampal transcript
Hpca (bottom row 1510) are depicted in FIG. 15. Spatial patterns were comparable across

the two-slide and control conditions.
Example 2: Method of Identifying Methylation Status of an Analyte.

FIG. 10 is an exemplary workflow of the methods described herein for identifying

methylation status of a biological sample.
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Specifically, a regular slide (e.g., a glass slide) is provided. The biological sample
(e.g., atissue) is placed on the slide, stained and imaged. The tissue is permeabilized, and a
bisulfite reagent or a deaminating enzyme is applied to the tissue. During the deamination,
the double-stranded DNA fragments become single-stranded due to loss of parity when
methylated cytosines are converted to uracils. After the bisulfite or deaminating reagent is
washed away, one or more probes targeting regions of interest (such as CpG islands) on the
analytes in the tissue are hybridized to the analytes in the biological sample and are extended.
The probes are designed to target (e.g., hybridize to) regions that do not have CG
dinucleotides. They are also designed to include overhangs that specifically hybridize to the
capture domain of the capture probes on a spatial array. After hybridization of the probes to
the analyte, in this example one of the probes is extended using a polymerase, creating an
oligonucleotide that is complementary to the regions between the hybridized probes. The
probes are ligated, creating a ligation product that includes a sequence complementary to the
deaminated analyte of interest. The ligation product (through one of the probes) includes a
sequence (e.g., an overhang sequence) complementary to a capture probe on a spatial array.

As shown in the lower panel of FIG. 10, a spatial array on a slide comprising a
plurality of capture probes with location UMIs is provided. The ligation product is transferred
onto the spatial array slide using a suitable method described herein. Using the overhang of
the ligation product, the ligation product hybridizes to the capture probes on the spatial array
slide surface. The capture probes are extended using the ligation product as a template. The
ligation product is denatured, and using a primer sequence from the capture probe, a plurality
of nucleic acids are synthesized that include the sequence of the UMI and spatial barcode, or
a complement thereof, and the sequence of the region of interest on the analyte, or a
complement thereof.

The plurality of nucleic acids is subsequently sequenced, and the sequence of all or a
part of the UMI and spatial barcode, as well as the sequence of all or a part of the region of
interest on the analyte is determined and analysis carried out to determine the % of
methylated fragments per target probe in a region of interest (HPCA gene methylation in this

example).
Example 3: Method of Identifying Methylation Status in an Analyte using Tagmented

Samples.
FIGs. 11A-11B is an exemplary workflow of the methods described herein.
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As shown in FIG. 11A, the biological sample (e.g., a tissue section) is placed on a
regular slide without capture probes (the tissue is optionally stained and imaged in this
example). The tissue is permeabilized, and the analytes (e.g., DNA) are tagmented by a
transposase (TnS) complexed with transposons that include methylated adaptors, extended
and ligated to create tagmented dsDNA. The tagmented double-stranded DNA is deaminated
using a bisulfite reagent or a deamination enzyme and denatured to form a single-stranded
tagmented DNA. The single-stranded tagmented DNA is then transferred to a spatial array on
a slide comprising a plurality of capture probes with locational barcodes and UMIs. The
transferred single-stranded tagmented DNA is ligated to the capture probes on the slide using
a splint oligonucleotide to bring the ends of the tagmented DNA in proximity to the capture
probe for ligation to occur. The captured DNA is then treated with terminal transferase, dCTP
and a uracil-friendly polymerase to add a poly(C) tail to the captured DNA, which serves as a
hybridization site for a poly(G) primer to form a plurality of amplifiable nucleic acids.

As shown in FIG. 11B, these nucleic acids are prepared for sequencing, sequenced,
and the sequence of all or a part of the UMI and spatial barcode, as well as the sequence of all
or a part of the region of interest on the analyte is determined. The data is analyzed and a
percentage or degree of methylation of the DNA fragments is spatially determined (HPCA

gene methylation in this example).

Example 4: Method of Identifying Methylation Status of an Analyte.

FIG. 16 is an exemplary workflow of the methods described herein.

Specifically, an array on a slide comprising a plurality of methylated capture probes
(i.e., methylated cytosines) with location UMIs are provided. Because the capture probes
include methylated cytosines, the capture probes are left intact in the presence of deaminating
agents. As shown in FIG. 16, the sample (e.g., a tissue) is placed on a slide, stained and
imaged. The tissue is permeabilized, and a bisulfite reagent or a deaminating enzyme is
applied to the tissue. During the deamination, the double-stranded DNA fragments become
single-stranded due to loss of parity when methylated cytosines are converted to uracils. After
the bisulfite or deaminating reagent is washed away, one or more probes targeting regions of
interest (such as CpG islands) on the analytes in the tissue are hybridized to the analytes in
the biological sample and are extended. The probes are designed to target (e.g., hybridize to)
regions that do not have CG dinucleotides. They are also designed to include overhangs that

specifically hybridize to the capture domain of the capture probes on the slide surface. After
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hybridization of the probes to the analyte, in this example one of the probes is extended using
a polymerase, creating an oligonucleotide that is complementary to the regions between the
hybridized probes. The probes are ligated, creating a ligation product that includes a sequence
complementary to the deaminated analyte of interest. The ligation product (through one of
the probes) includes a sequence (e.g., an overhang sequence) complementary to a capture
probe on the array.

Using the overhang, the ligation product binds to the capture probes on the slide
surface. The capture probes are extended using the ligation product as a template. The
ligation product is denatured, and using a primer sequence from the capture probe, a plurality
of nucleic acids are synthesized that include the sequence of the UMI and spatial barcode, or
a complement thereof, and the sequence of the region of interest on the analyte, or a
complement thereof.

These nucleic acids are subsequently sequenced, and the sequence of all or a part of
the UMI and spatial barcode, as well as the sequence of all or a part of the region of interest
on the analyte is determined and analysis carried out to determine the % of methylated

fragments per target probe in a region of interest (HPCA gene methylation in this example).

Example 5: Method of Identifying Methylation Status in an Analyte using Tagmented
Samples.

FIG. 17 is an exemplary workflow of the methods described herein.

Specifically, an array on a slide comprising a plurality of methylated capture probes
(i.e., methylated cytosines) with locational barcodes and UMIs are provided. Because the
capture probes include methylated cytosines, the capture probes are left intact in the presence
of deaminating agents. As shown in FIG. 17, the sample (e.g., a tissue) is placed on a slide
(optionally stained and imaged in this example). The tissue is permeabilized, and the analytes
(e.g., DNA) are tagmented by a transposase (Tn5 complexed with transposons that include
methylated adaptors), extended and ligated to create tagmented dsDNA. The tagmented
double-stranded DNA is denatured to form a single-stranded tagmented DNA. The single-
stranded tagmented DNA is ligated to the capture probes on the slide using a splint
oligonucleotide to bring the ends of the tagmented DNA in proximity to the capture probe for
ligation to occur. The ligation product is deaminated using a bisulfite reagent or a
deamination enzyme. The captured DNA is then treated with terminal transferase, dCTP and
a uracil-friendly polymerase to add a poly(C) tail to the captured DNA, which serves as a

hybridization site for a poly(G) primer to form a plurality of amplifiable nucleic acids.
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These nucleic acids are prepared for sequencing, sequenced, and the sequence of all
or a part of the UMI and spatial barcode, as well as the sequence of all or a part of the region
of interest on the analyte is determined. The data is then analyzed and a percentage or degree
of methylation of the DNA fragments is determined (HPCA gene methylation in this

example).

Example 6. Whole Genome Methylation Profiling using Spatial Gene Expression Platform
and in Droplets

FIGs. 18A-18B show an exemplary workflow of the tagmentation methods described
herein.

Specifically, DNA methylation profiling is achieved on spatial gene expression slides
or droplets using transposase (e.g., Tn5, Tn7, Mu, Mariner, Sleeping Beauty, etc.) mediated
tagmentation to add methylated adapters or using an enzyme tethering approach for more
targeted tagmentation, e.g. by fusing a transposase to an inactive restriction enzyme like Mspl
(recognition site: CCGG, used in reduced representation bisulfite sequencing (RRBS) or to
Dnmtl, the maintenance methyltransferase).

As shown in FIG. 18A, analytes (e.g., DNA) in a biological sample are fragmented
and tagged via tagmentation processes by, e.g., TnS, MspI-Tn5 fusion, or Dnmt1-Tn5 fusion.
Methylated R2 handles are added to the 3" and/or 5° ends of the DNA fragments.

The biological sample (e.g., tissue sample) is permeabilized and the tagmented DNA
molecules bound to an array of capture probes on a gene expression slide or a solid support in
a droplet by ligating the handles (e.g., X2 or R2 handles) onto the DNA fragments and the
capture probes on the slide surface or solid surface in the droplet, for example using a splint
oligonucleotide.

The ligated DNA fragments are extended using a ANTP mixed that includes 5 methyl
CTP and the extended DNA fragments are denatured and removed from the slides or solid
support in droplets using a denaturing reagent (e.g., KOH).

The denatured DNA fragments are treated with a deamination reagent (e.g., a bisulfite
reagent). The handles and barcodes on the capture probes are pre-methylated so they won’t
be affected by the deamination process. For targeted capture, a probe panel is used to enrich
differentially methylated regions (DMRs). Commercially available probe panels such as
Agilent SureSelect XT Human Methyl-Seq panel (Agilent, Santa Clara, CA) can be used in

the method described herein.
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The deaminated DNA fragments are amplified using indexing PCR with a suitable
polymerase such as Takara EpiTaq HS (Takara, Mountain View, CA). Optionally, the

amplified DNA fragments are captured and mitochondrial DNA removed before sequencing.

Example 7: Method of Identifying Methylation Status in an Analyte.

FIG. 19A shows an exemplary workflow used herein. In particular, a mouse brain
tissue sample was sectioned and was placed on a microscopy slide. The tissue section 1901
was fixed, stained with H&E, and imaged. After destaining with HCI, the sample was
permeabilized for 15 minutes at room temperature with a protease in phosphate buffer saline
(PBS). The tissue section was treated with a solution comprising RNAse for 15 minutes at
room temperature in order to remove any RNA that could compete with DNA to hybridize to
a capture probe on an array. The sample then was washing with nuclease free water, and
enzymatic deamination (New England Biolabs® Inc.). Specifically, Tet methylcytosine
dioxygenase 2 (TET2) was mixed in a solution to a 1x concentration, and the sample was
incubated for 1 hour at 37°C. The sample then was washed in 1x SSC. After, the sample was
incubated in 20% formamide for 10 minutes at 85°C. The sample was treated with
apolipoprotein B mRNA-editing enzyme, catalytic polypeptide (APOBEC) for 4 hours at
37°C in order to convert deaminating cytosine to uracil. After a wash step with 2x SSC, the
nucleic acids in the sample were amplified 1903 using a DN A polymerase and primers 1902
comprising a random hexamer (e.g., randomers) and a poly-thymine (n = 30 thymine
nucleotides) overhang. The amplified nucleic acids, shown in FIG. 19B and comprising a
deaminated sequence, randomer sequences, a poly-A tail, and a templated switching oligo
(TSO), were denatured with a solution of KOH for 5 minutes.

An array comprising captures probes having a capture domain with a poly-thymine
sequence was sandwiched 1904 onto the sample. The tissue section was permeabilized and
the denatured nucleic acids were captured on the array at 37°C for 30 minutes. A DNA
polymerase was used to extend 1905 the capture probe using the captured nucleic acid as a
template. After, qPCR was performed; the resulting amplified products were fragmented,
indexed and sequenced 1906.

FIGs. 20 and 21 provide summaries of electropherograms for two samples. In FIG.
20, the mouse brain tissue sample was deaminated after DNA amplification and 1X solid
phase reversible immobilization (SPRI) cleanup, the elecropherogram demonstrating the

range of amplification products from the randomer based amplification as expected. FIG. 21
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shows an electropherogram after a 1:10 dilution of the final library, with additional SPRI
clean up thereby focusing on a sequencing library of around 400 base pair fragments. The
graphs in FIGs. 20 and 21 show that sequences ranging from 400-700 base pairs were
obtained via sequencing. Further, as shown in FIG. 22, the sequencing data showed an
increase in adenine nucleotides and a decrease in cytosine and guanine. These data
demonstrate a proof of concept that a biological sample can be deaminated and nucleic acids
from the biological sample can be captured on a spatial array, sequenced and analyzed. Thus,
using the methods here, one can spatially examine methylation patterns in a biological

sample.
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What is claimed is:

1. A method for identifying methylation status of an analyte in a biological sample, the
method comprising:

(2 contacting the biological sample with an array comprising a plurality of
capture probes, wherein a capture probe in the plurality of capture probes comprises (i) a
spatial barcode and (ii) a capture domain comprising at least one methylated cytosine;

(b) deaminating the analyte in the biological sample;

©) contacting the analyte with a plurality of probes comprising a first probe and a
second probe, wherein

the first probe comprises (i) a sequence complementary to at least a first
sequence of the analyte and (ii) a sequence complementary to the capture domain; and

the second probe comprises a sequence complementary to at least a second
sequence of the analyte;

(d) ligating the first probe and the second probe, thereby generating a ligation
product;

(e) hybridizing the ligation product to the capture probe;

® extending the capture probe using the ligation product as a template; thereby
generating an extended capture probe; and

(@ determining (i) all or a portion of the sequence of the spatial barcode or the
complement thereof, and (ii) all or a portion of the sequence of the extended capture probe, or
a complement thereof, and using the determined sequences of (i) and (ii) to identify the

methylation status of the analyte in the biological sample.
2. The method of claim 1, wherein the first oligonucleotide and the second
oligonucleotide hybridize to the analyte at sequences that are at least about 1, 2, 3,4, 5,6, 7,

8, 9, 10, or more nucleotides apart.

3. The method of claim 1 or 2, further comprising extending the first oligonucleotide

and/or the second oligonucleotide after step (c).

4. The method of claim 3, wherein the first probe and/or second probe is extended using

a polymerase.
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5. The method of any one of the preceding claims, further comprising releasing the

ligation product from the analyte.

6. The method of claim 5, wherein the releasing occurs before hybridizing the ligation

product to the capture probe.

7. The method of any one of the preceding claims, wherein the method further

comprises, prior to step (b), contacting the biological sample with a permeabilization reagent.

8. The method of any one of the preceding claims, wherein the first probe and/or the
second probe comprises a sequence that binds to a sequence on the analyte that does not have

a CG dinucleotide.

9. The method of any one of the preceding claims, wherein the method further comprises

washing the biological sample between step (b) and step (c).

10. A method for identifying a methylation status of DNA in a biological sample, the
method comprising:

(@) providing one or more transposomes to the biological sample, wherein the
transposomes comprise methylated adaptors, under conditions wherein the one or more
methylated adaptors is inserted into the DNA, thereby generating tagmented DNA fragments
comprising methylated adaptors;

(b) contacting the tagmented DNA fragments with an array comprising a plurality
of capture probes, wherein a capture probe in the plurality of capture probes comprises a
spatial barcode, wherein if the capture probe comprises one or more cytosines, wherein the
one or more cytosines are methylated cytosines;

©) ligating the sequence comprising the tagmented DNA fragments and the one
or more methylated adaptors to the capture probe, thereby creating a ligation product;

(d) deaminating the ligation product; and

(e) determining (i) all or a portion of the sequence of the spatial barcode or the
complement thereof, and (ii) all or a portion of the sequence of the ligation product, or a
complement thereof, and using the determined sequences of (i) and (ii) to identify the

methylation status of the DNA, or a portion thereof, in the biological sample.
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11. The method of claim 10, wherein the ligating comprises adding a splint
oligonucleotide comprises
® a sequence that binds specifically to a portion of the capture probe; and

(i1) a sequence that binds specifically to a portion of the ligation product.

12. The method of claim 11, wherein the splint oligonucleotide comprises a sequence that

binds specifically to a portion of the one or more methylated adaptors.
13.  The method of any one of claims 10-12, wherein the transposase enzyme is a Tn5
transposase enzyme, or a functional derivative thereof or a Tn7 transposase enzyme, or the

functional derivative thereof.

14, The method of any one of claims 10-13, wherein the one or more methylated adaptors

comprises a first methylated adaptor and a second methylated adaptor.

15. The method of any one of claims 10-14, further comprising incubating the ligation
product with a terminal transferase and a plurality of deoxycytidine triphosphate (dCTP)
molecules, thereby extending the ligation product at the 3” end.

16. The method of claim 15, further comprising amplifying the ligation product.

17. The method of claim 15 or 16, further comprising amplifying the ligation product
using a primer sequence that is complementary to a poly-cysteine sequence at the 3” end of

the ligation product.

18. The method of any one of the preceding claims, wherein the ligating comprises

enzymatic ligation or chemical ligation.

19. The method of claim 18, wherein the enzy matic ligation utilizes a ligase.

20. The method of claim 19, wherein the ligase is one or more of a splintR ligase, a single

stranded DNA ligase, or a T4 DNA ligase.
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21. The method of any one of the preceding claims, further comprising a migration step

wherein the analyte migrates to the substrate.

22, The method of claim 21, wherein the migration step is an active migration step

comprising applying an electric field to the genomic DNA.

23. The method of claim 21, wherein the migration step is a passive migration step.

24, A method of identifying the methylation status of a nucleic acid in a biological sample
on a first substrate, comprising:

(@) deaminating the nucleic acid,;

(b) hybridizing a first probe and a second probe to the nucleic acid, wherein:

the first probe comprises (i) a sequence complementary to at least a first
sequence of the nucleic acid and (i1) a sequence complementary to a capture domain
of a capture probe on an array; and

the second probe comprises a sequence complementary to at least a second
sequence of the nucleic acid;

(©) ligating the first probe and the second probe to generate a ligation product;

(d) aligning the first substrate with the second substrate comprising the array, such
that at least a portion of the biological sample is aligned with at least a portion of the array,
wherein the array comprises a plurality of capture probes, wherein a capture probe of the
plurality of capture probes comprises: (i) a spatial barcode and (ii) the capture domain;

(e) when the biological sample is aligned with at least a portion of the array, (i)
releasing the ligation product from the analyte and (ii) migrating the ligation product from the
biological sample to the array; and

® capturing the ligation product with the capture domain.
25. The method of claim 24, further comprising determining (i) all or a portion of the
sequence of the spatial barcode or the complement thereof and (ii) all or a portion of the

sequence of the ligation product, or a complement thereof.

26. The method of claim 25, further comprising using the determined sequences of (i) and

(i1) to identify the methylation status of the nucleic acid in the biological sample.
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27. The method of any one of claims 24-26, wherein the first probe is at least 75%, at
least 80%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or

100% complementary to the nucleic acid.

28.  The method of any one of claims 24-27, wherein the first probe is about 15 to about
120 nucleotides in length.

29.  The method of any one of claims 24-28, wherein the first sequence is about 10 to

about 60 nucleotides in length.

30. The method of any one of claims 24-29, wherein the second probe is at least 75%, at
least 80%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or

100% complementary to the nucleic acid.

31.  The method of any one of claims 24-20, wherein the second probe is about 15 to

about 120 nucleotides in length.

32.  The method of any one of claims 24-31, wherein the second sequence is about 10 to

about 60 nucleotides in length.

33.  The method of any one of claims 24-32, wherein the first sequence and the second

sequence are adjacent sequences.

34, The method of claim 29, wherein at least one deaminated nucleotide is located

between the first sequence and the second sequence.

35. The method of claim 29, wherein at least two, at least three, at least four, at least five,
or more deaminated nucleotide is located between the first sequence and the second

sequence.

36. The method of claim 29 or 30, further comprising generating an extended first probe
and/or an extended second probe using a polymerase, wherein the extended first probe or the
extended second probe comprises a sequence complementary to a sequence between the first

sequence and the second sequence.
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37. The method of any one of claims 24-36, wherein at least one deaminated nucleotide is

located in the first sequence.

38.  The method of any one of claims 24-37, wherein the at least one deaminated

nucleotide is located in the second sequence.

39. The method of any one of claims 24-38, wherein the releasing comprises heating the

biological sample.

40. The method of any one of claims 24-39, wherein (e) further comprises contacting the
biological sample with a reagent medium comprising a permeabilization reagent, optionally

wherein the permeabilization reagent comprises a protease.

41. The method of any one of claims 24-35 or 37-40, wherein the ligating the first probe

and the second probe comprises ligating via a ligase the first probe and the second probe.

42. The method of any one of claims 36-40, wherein the ligating the first probe and the
second probe comprises ligating via a ligase:
(a) the first probe and the extended second probe; or

(b) the extended first probe and the second probe.

43. The method of claim 41 or 42, wherein the ligase is selected from a splintR ligase, a

single stranded DNA ligase, or a T4 DNA ligase.

44, The method of any one of claims 24-43, wherein the first probe and the second probe

are on a contiguous nucleic acid.

45, The method of any one of claims 24-44, wherein the ligating utilizes a splint

oligonucleotide.

46. The method of claim 45, wherein the splint oligonucleotide comprises a first splint
sequence that is substantially complementary to the first probe and a second splint sequence

that is substantially complementary to the second probe.
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47. The method of any one of claims 24-46, wherein the capturing the ligation product
comprises hybridizing the sequence complementary to a capture domain to the capture

domain.

48. The method of any one of claims 24-47, wherein the capturing the ligation product

comprises ligating the ligation product to the capture probe.

49. The method of any one of claims 24-48, further comprising extending the capture

probe using the ligation product as a template; thereby generating an extended capture probe.

50. A method of identifying a methylation status of a nucleic acid in a biological sample
on a first substrate, the method comprising:

(a) ligating a methylated adaptor to a nucleic acid, generating an adapted nucleic
acid fragment;

(b) deaminating the adapted nucleic acid fragment;

(©) aligning the first substrate with a second substrate comprising an array, such
that at least a portion of the biological sample is aligned with at least a portion of the array,
wherein the array comprises a plurality of capture probes, wherein a capture probe of the
plurality of capture probes comprises: (i) a spatial barcode and (ii) a capture domain;

(d) when the biological sample is aligned with at least a portion of the array,
migrating the adapted nucleic acid fragment from the biological sample to the array; and

(e) capturing the adapted nucleic acid fragment with the capture domain.

51. The method of claim 50, further comprising determining (i) all or a portion of the
sequence of the spatial barcode or the complement thereof, and (ii) all or a portion of the

sequence of the ligation product, or a complement thereof.

52. The method of claim 51, further comprising using the determined sequences of (i) and
(i1) to identify the methylation status of the nucleic acid, or a portion thereof, in the biological

sample.

53. The method of any one of claims 50-52, wherein the methylated adaptor is ligated to

the nucleic acid by tagmentation.
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54. The method of any one of claims 50-53, wherein the methylated adaptor is ligated to

the nucleic acid at a 5° end of the nucleic acid.

55. The method of any one of claims 50-54, wherein the methylated adaptor is ligated to

the nucleic acid at a 3° end of the nucleic acid.

56. The method of any one of claims 50-55, wherein the methylated adaptor is at least

about 10 nucleotides to about 50 nucleotides long.

57. The method of any one of claims 50-56, wherein the methylated adaptor comprises at

least one, at least two, at least three, at least four, at least five, or more methylated cytosines.

58. The method of any one of claims 50-57, wherein the spatial barcode comprises at

least one, at least two, at least three, at least four, at least five, or more methylated cytosines.

59. The method of any one of claims 50-58, wherein the ligating the methylated adaptor
to the nucleic acid comprises attaching the one or more methylated adaptors to the 5° and/or
3’ end of the nucleic acid using a transposase enzyme complexed with a transposon, wherein

the transposase enzyme is a Tn5 transposase enzyme, or the functional derivative thereof.

60. The method of any one of claims 50-59, wherein the capturing the adapted nucleic
acid fragment comprises hybridizing the adapted nucleic acid fragment with the capture

domain.

61. The method of any one of claims 50-60, wherein the capturing the adapted nucleic
acid fragment comprises ligating the adapted nucleic acid fragment with the capture domain,

wherein the ligating comprises enzymatic ligation or chemical ligation.

62. The method of claim 61, wherein the ligating utilizes a splint oligonucleotide,
optionally wherein the splint oligonucleotide comprises a first splint sequence that is
substantially complementary to the adapted nucleic acid fragment and a second splint

sequence that is substantially complementary to the capture probe.
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63. The method of any one of claims 50-62, further comprising extending the capture
probe using the adapted nucleic acid fragment as a template; thereby generating an extended

capture probe.

64. The method of any one of claims 50-63, further comprising incubating the adapted
nucleic acid fragment with a terminal transferase and a plurality of deoxycytidine
triphosphate (dCTP) molecules, thereby generating an extended adapted nucleic acid

fragment.

65. The method of claim 64, further comprising amplifying the extended adapted nucleic

acid fragment.
66. The method of claim 64 or 65, further comprising amplifying the extended adapted
nucleic acid fragment using a primer sequence that is complementary to a poly-cysteine

sequence at the 3° end of the adapted nucleic acid fragment.

67. The method of any one of the preceding claims, wherein the biological sample is a

cancer tissue sample.

68. The method of claim 67, wherein the biological sample is from a subject treated with

a cancer therapy.

69. The method of any one of the preceding claims, wherein the nucleic acid is DNA.
70. The method of claim 69, wherein the DNA is genomic DNA.

71. The method of any one of the preceding claims, wherein the biological sample is a
tissue sample, optionally wherein the tissue sample is a solid tissue sample, optionally

wherein the tissue sample is a tissue section.

72. The method of any one of the preceding claims, wherein the biological sample is a

fixed sample, a frozen sample, a fresh sample, or a fresh frozen sample.
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73. The method of any one of the preceding claims, wherein the biological sample is a

formalin fixed paraffin embedded (FFPE) sample.

74. The method of any one of the preceding claims, wherein the first substrate is a slide.
75. The method of any one of the preceding claims, wherein the first substrate is a glass
slide.

76. The method of any one of the preceding claims, wherein the first substrate does not

comprise an array of capture probes.

77. The method of any one of the preceding claims, wherein the deaminating comprises

contacting the biological sample with a composition comprising sodium bisulfite.

78. The method of any one of the preceding claims, wherein the deaminating comprises

treating the biological sample with an enzyme.

79. The method of claim 52, wherein the enzyme is a cytidine deaminase or a
demethylase.
80. The method of any one of the preceding claims, wherein the second substrate is a

glass slide.

81. The method of any one of the preceding claims, wherein a 5° end of the capture probe

is attached to the second substrate.

82. The method of any one of the preceding claims, wherein the array is a bead array.

83. The method of 82, wherein a 5° end of the capture probe is attached to a bead of the

bead array.

84. The method of any one of the preceding claims, wherein the capture probe further

comprises a unique molecular identifier (UMI).

85



10

15

20

25

30

WO 2021/263111 PCT/US2021/039103

85. The method of any one of the preceding claims, wherein the capture probe further
comprises one or more functional domains, a unique molecular identifier, a cleavage domain,
and combinations thereof.

86. The method of any one of claims 24-85, wherein the migrating is active.

87. The method of any one of claims 24-85, wherein the migrating is passive.

88. The method of any one of the preceding claims, wherein the capture probe is extended

using a polymerase.
89. The method of any one of the preceding claims, wherein the determining comprises
sequencing (i) all or a part of the sequence of the nucleic acid, or a complement thereof, and

(i1) all or a part of the sequence of the spatial barcode, or a complement thereof.

90. The method of any one of the preceding claims, wherein the methylation status

comprises identifying that about 1% to about 100% of cytosines comprises a methyl group.

91. The method of any one of the preceding claims, further comprising imaging the

biological sample.

92. The method of claim 91, wherein the imaging occurs prior to deaminating the

biological sample.

93.  Akit comprising comprising parts and instruction for performing the method of any

one of the preceding claims.
94.  The kit of claim 93, wherein the kit comprises a substrate comprising a plurality of
capture probes, wherein a capture probe of the plurality of first capture probes comprises (i) a

spatial barcode and (ii) a capture domain.

95. The kit of claim 93 or 94, wherein the kit comprises one or more enzymes.
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96. The kit of claim 95, wherein the one or more enzyme is selected from the group
consisting of a transposase, a ligase, a polymerase; a reverse transcriptase, a cytidine

deaminase and a demethylase.

97. The kit of any one of claims 93-96, wherein the kit further comprises a transposome

complex comprising a transposase, a transposon sequence, and/or an adaptor sequence.

98. A composition comprising reagents for performing the method of any one of the

preceding claims.

99. The composition of claim 93, wherein the composition comprises a substrate
comprising a plurality of capture probes, wherein a capture probe of the plurality of first

capture probes comprises (i) a spatial barcode and (ii) a capture domain.

100.  The composition of claim 98 or 99, wherein the composition comprises one or more

enzyme.

101.  The composition of claim 100, wherein the one or more enzyme is selected from the
group consisting of a transposase, a ligase, a polymerase; a reverse transcriptase, a cytidine

deaminase and a demethylase.
102.  The composition of any one of claims 98-101, wherein the composition further

comprises a transposome complex comprising a transposase, a transposon sequence, and/or

an adaptor sequence.
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